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ABSTRACT This study aimed to develop and validate a simple-to-use nomogram model
to assess the risk of infection caused by carbapenem-resistant Klebsiella pneumoniae
(CRKP) in neurocritically ill patients. The clinical data of 544 patients with CRKP infection
admitted to a neurointensive care unit (neuro-ICU) were retrospectively analyzed. The
demographic data, laboratory test results, and clinical characteristics of patients in the
neuro-ICU were collected. Subsequently, multivariate regression analysis was used to
construct a nomogram to predict the risk of CRKP infection in these patients. The
calibration ability, clinical effectiveness, and discriminative ability of the nomogram were
evaluated. The incidence of CRKP infection was estimated to be 6.43%, and a majority
of bacterial isolates causing the infection were found in sputum (74.3%). Multivariate
regression analysis showed that the number of antibiotics of >2 [odds ratio (OR): 9.08,
95% confidence interval (Cl): 2.78-29.71], undergoing surgery (OR: 3.84, 95% Cl: 1.09-
13.54), and long neuro-ICU stay (OR: 1.08, 95% Cl: 1.01-1.14) were associated with
CRKP infection in neurocritically ill patients. The nomogram model demonstrated good
calibration and discrimination in both the training and validation sets, with area under
the curve values of 0.860 and 0.907, respectively. This study developed and validated
a nomogram that combines three easily accessed variables during clinical practice to
predict the risk of nosocomial CRKP infection in neuro-ICU patients. The tool demonstra-
ted a good predictive performance and discrimination, which might serve as a useful
tool to facilitate early detection and reduction of the CRKP infection risk in neurocritically
ill patients.

IMPORTANCE Patients in neuro-ICU are at a high risk of developing nosocomial CRKP
infection owing to complex conditions, critical illness, and frequent invasive procedures.
However, studies focused on constructing prediction models for assessing the risk of
CRKP infection in neurocritically ill patients are lacking at present. Therefore, this study
aims to establish a simple-to-use nomogram for predicting the risk of CRKP infection
in patients admitted to the neuro-ICU. Three easily accessed variables were included ey ' :
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and reduction of the CRKP infection risk of neurocritically ill patients.
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pneumoniae (CRKP) globally (2-5). CRKP has been identified as a critical priority
pathogen that poses a significant threat to human health (5). According to recent
studies, Greece has the highest detection rate of CRKP at 54.9%, followed by Eastern
Europe at 22.5%, Argentina at 14%, and the Philippines at 11.0% (6). The China Antimi-
crobial Resistance Surveillance System reported an increasing annual detection rate of
CRKP from 6.4% in 2014 to 11.3% in 2021 (7). The resistance rates of K. pneumoniae
to imipenem and meropenem have significantly increased over the years. In 2005, the
resistance rates were 3.0% and 2.9%, respectively, whereas in 2022, they have risen to
26.0% and 27.5% (7). Several studies have reported that the mortality rate of patients
infected with CRKP is approximately 40%-50% (8, 9). Patients with CRKP infection,
especially those with bloodstream infection, have a mortality rate of up to 70% (2,
9). Therefore, the identification and prevention of CRKP infection at an early stage
are significant challenges for healthcare providers and international infection control
programs (10).

CRKP is a major concern for critically ill patients due to its high morbidity and
mortality rates (11). Surveillance data have shown that the prevalence of CRKP among
patients admitted to the intensive care unit (ICU) ranges from 20.8% to 48.1%, which is
notably higher than that observed in other clinical departments (11, 12). Additionally, it
is important to note that the mortality rates of patients infected with CRKP in the ICU
are significantly higher compared to those in non-ICU settings (13). Numerous studies
have investigated the risk factors associated with CRKP infection in patients admitted
to the ICU, resulting in the development of various risk prediction models (14-17).
However, there is growing recognition that the critically ill patient is a highly heteroge-
neous population and that using the one-size-fits-all approach in the ICU may lead to
inconsistent results (18, 19). Therefore, establishing a single risk prediction model for all
critically ill patients may largely limit the application of the model in specific groups of
critically ill patients, such as neurocritically ill patients.

The neurointensive care unit (neuro-ICU) is a specialized and personalized intensive
care unit that provides multidisciplinary clinical care to patients who are critically ill
due to neurological and neurosurgical issues (20). Patients in the neuro-ICU are at a
high risk of developing nosocomial CRKP infection owing to their complex and critical
conditions and frequent invasive procedures (21). Moreover, researchers have demon-
strated higher mortality among CRKP-infected neuro-ICU patients than among CRKP-
infected ICU patients (22, 23). However, limited research has been conducted on risk
factors and prediction models for CRKP infection in neuro-ICU patients. Very few studies
have investigated their expectations and difficulties in implementing such predictions in
their clinical practice. Therefore, this study aimed to develop and validate a nomogram
model to predict the risk of CRKP infection in neurocritically ill patients and to provide
information regarding the expectations and challenges associated with the use of this
model in clinical settings.

MATERIALS AND METHODS
Study population

This retrospective cohort study was conducted from January to December 2019 at a
tertiary hospital in China. The subjects were patients admitted to the neuro-ICU, and
the study included only the first positive culture of CRKP from each patient as a sample.
Patients aged >18 years were included. The exclusion criteria were as follows: (i) stay
in the neuro-ICU for <24 hours, (ii) detection of CRKP during the first 48 hours in the
neuro-ICU or 48 hours after leaving the neuro-ICU, (iii) colonization by CRKP without any
clinical symptoms, (iv) incomplete clinical data, and (v) repeat check-in to neuro-ICU.

Diagnosis of CRKP infection

The K. pneumoniae strain, initially isolated from a clinical specimen, was used to define
the index culture. Subsequently, the nosocomial infection was confirmed based on
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clinical signs and symptoms, imaging reports, and easily obtained clinical indicators,
which helped to distinguish the infection from colonization (24). Acquired nosocomial
infection was defined as an infectious disease acquired after 48 hours of hospitalization
(25). The CRKP strains were resistant to at least one class of carbapenem antibiotic
(imipenem, meropenem, or ertapenem) (26).

Antimicrobial susceptibility testing

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (bioMer-
ieux, France) was used for the identification of bacteria. The VITEK-2 Compact (bioMér-
ieux) automatic microbial identification instrument and its accompanying XN04 and
N335 cards were used for the determination of drug sensitivity MIC values. Escherichia
coli ATCC25922 and Pseudomonas aeruginosa ATCC27853 were used as benchmark
strains for testing drug susceptibility. To avoid double counting, only the first isolate
according to the ID number was recorded for each patient.

Data collection

The electronic medical records of patients were extracted from the hospital health
information system, and the results of antimicrobial susceptibility testing were obtained
from a hospital affiliated microbiology laboratory center. The study collected data on
various aspects of the patients including their general information such as age, sex,
comorbidities, and the length of their stay in neuro-ICU. Information on admission was
also recorded along with laboratory test results such as the levels of albumin, serum
creatinine, and total protein within 48 hours of admission. In addition, the study also
documented whether the patient had undergone surgery and the specific number of
antibiotics that were administered. See Table S1 for more details regarding variable
definition.

Statistical analysis

Categorical variables were presented as counts and percentages (%), while continuous
variables were presented as either mean + standard deviation or median and inter-
quartile range. The independent samples t-test was used to compare two groups of
parametric values, and the Mann-Whitney U test was used to compare two groups of
non-parametric values. Categorical variables were compared using the chi-square test.
Following the univariate analysis, we conducted multivariate logistic regression analysis
to determine the odds ratios (ORs) and 95% confidence intervals (Cls) of independent
variables. Variables for the multivariate model were selected based on their physiological
relevance and statistical significance in the univariate analysis. A threshold P value of 0.25
was used in the selection process. All statistical tests were two-tailed, and a significance
level of 0.05 was used for the multivariate analysis. The statistical tests were conducted
using SPSS Statistics software (version 26, USA).

A predictive nomogram was constructed through multivariate analysis in the training
set. Multivariate analysis was performed to evaluate the predictive models for three
indicators: discriminative power, calibration power, and clinical effectiveness. Receiver
operating characteristic (ROC) curves were plotted, and the area under the curve (AUC)
values were estimated to evaluate the discriminative power of the nomogram. Calibra-
tion curves were plotted to evaluate the predictive accuracy of the nomogram. To assess
the clinical effectiveness, we employed decision curve analysis and clinical impact curve
analysis. In both the development and validation stages, statistical tests were conducted
using R statistical software (version 4.2.2).

Logic behind the nomogram

The nomogram integrates multiple predictive variables based on multivariate logistic
regression analysis and uses line segments with scale to represent the relationship
between variables in the prediction model (27). The length of the line segment
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corresponding to each variable in the nomogram is converted from the regression
coefficient (28). The length of the line segment reflects the contribution of the variable
to the outcome, and the scale on the line segment represents the value range of the
variable (28). The values of patients are placed on each variable axis, and a line is drawn
upward to determine the score of each variable corresponding to the first row of “points.”
The total score is obtained by adding the single scores corresponding to the “total
points” row, and a line is drawn down the probability axis to determine the risk of CRKP
infection.

RESULTS

Development and validation of the prediction tool for CRKP infection in
neuro-ICU

A total of 634 patients were admitted to the neuro-ICU between January and December
2019. Of these 634 patients, 49 patients stayed in the neuro-ICU for <24 hours; 30
patients had missing data; 4 patients were below 18 years of age; 3 patients were found
to have an infection within 48 hours of admission to the neuro-ICU or 48 hours after
discharge; 2 patients with CRKP underwent colonization; and 2 patients were readmitted.
The study included 544 patients who met the inclusion criteria (Fig. 1). Table 1 presents a
concise overview of the primary demographic and clinical features of the participants.

Incidence of CRKP infection

The overall incidence of CRKP infection was 6.43% (35 of 544), with an incidence of 5.82%
(22 of 378) in the training set and 7.83% (13 of 166) in the validation set. Among the
CRKP strains, 26 (74.3%) were isolated from sputum samples and 9 (25.7%) from urine
samples.

Results of univariate and multivariate analyses

In the univariate analysis, admission season (P = 0.234), LAC levels (P = 0.233), urea
levels (P = 0.198), sex (P = 0.108), platelets levels (P = 0.07), surgery (P = 0.037), serum
creatinine levels (P = 0.13), length of stay in neuro-ICU (P < 0.001), and number of
antibiotics (P < 0.001) were significantly associated with CRKP infection in the neuro-ICU.
Multicollinearity test based on the variance inflation factor (VIF) showed no evidence of
collinearity among the explanatory variables. The multivariable analysis results revealed
that a longer stay in the neuro-ICU (OR: 1.08, 95% Cl: 1.01-1.14, P = 0.017), number of
antibiotics of =2 (OR: 9.08, 95% Cl: 2.78-29.71, P < 0.001), and surgery (OR: 3.84, 95% Cl:
1.09-13.54, P = 0.036) were independent risk factors for contracting CRKP infection (Table
2).

Development of the nomogram

In this study, the nomogram model was developed to predict CRKP infection in neuro-
ICU patients based on three variables: length of stay in neuro-ICU, number of antibiotics
(=2 or <2), and surgery (yes, no). The sex (P = 0.203), serum creatinine levels (P = 0.210),
admission season (P = 0.394), platelets levels (P = 0.316), urea levels (P = 0.418), and LAC
levels (P = 0.161) were excluded from the model. The relationship between total score
and risk of CRKP infection is illustrated in Fig. 2A. Additionally, Fig. 2B demonstrates how
the nomogram can be used to predict the risk of CRKP infection in patients admitted to
the neuro-ICU .

Validation of the nomogram

The nomogram model exhibited a good discriminative ability, as evidenced by its AUC
of 0.860 in the training set and 0.907 in the validation set. The ROC curves for both
sets indicated that the predictive accuracy of the nomogram was superior to that of
individual risk factors (Fig. 3). In addition to validation, we also recorded the calibration
curves of the nomogram in the validation set and observed a mean absolute error of
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Patients who presented to the neuro-ICU of the Northern Jiangsu People’s
Hospital from January to December 2019

(n = 634)

Excluded:

- Under the age of 18 (n=4)

- Stayed in neuro-ICU <24 hours (n = 49)
- Incomplete clinical data (n = 30)

- Repeat check-in to neuro-ICU (n = 2)

[ Neuro-ICU patients met inclusion criteria ]

(n = 549)

Excluded:

- CRKP infection within 48 hours of
admission to the neuro-ICU or 48 hours
after discharge (n = 3)

- Colonized by CRKP with no clinical
symptoms (n = 2)

(n = 544)

[ Neuro-ICU patients in the final data J

I

Training set
(n=378)

v \!
[ CRKP group ] [Non-CRKP groupj
(n=22) (n=356)

I |

\2
[ Univariate and ]
Multivariate logistic

i

[ Nomogram model ]

FIG1 Study flow diagram.

y

Validation test
(n = 166)

0.034. This indicates that there was good predictive agreement and calibration between
predictions and actual probability for the nomogram, as shown in Fig. 4.

Clinical applicability of the nomogram

The decision curve analysis in Fig. 5 shows that the nomogram provides significant net
benefits for high-risk thresholds. The multivariate regression model is more advanta-
geous in predicting CRKP infection in neuro-ICU patients, compared to targeting all
patients or none. This is especially true for threshold probabilities ranging from 0 to 0.96,
as revealed by the validation set. The clinical impact curve indicated a high degree of
consistency between the predicted and actual distribution of the model (Fig. 6).

January 2024 Volume 12 Issue 1

Microbiology Spectrum

10.1128/spectrum.03096-23 5


https://doi.org/10.1128/spectrum.03096-23

Research Article

TABLE 1 Demographic and clinical characteristics of the neuro-ICU patients”

WBC (10°/L), median (IQR)

Platelets (10°/L), median (IQR)

Hemoglobin (g/L)

Serum creatinine (umol/L),
median (IQR)

Procalcitonin (ng/mL), median
(IQR)

ALT (U/L), median (IQR)

AST (U/L), median (IQR)

12.17 (9.20-16.48)
167.0(119.0-218.0)
125.3(29.0)

65.00 (54.00-82.98)

0.29 (0.10-1.08)

26.5(17.0-36.8)
32.5(25.0-46.8)

12.10(9.18-16.53)
164.0 (119.8-211.3)
123.8(30.7)

69.95 (55.65-83.00)

0.30(0.10-1.19)

26.0 (18.0-36.0)
33.0(24.0-47.0)

Variable Total Training set Validation set
(n=544) (n=378) (n=166)
Infection rate, n (%) 35(6.4) 22(5.8) 16 (9.6)
Clinical parameters
Age (year), mean (SD) 60.3 (13.1) 60.6 (13.2) 59.5(12.8)
Male sex, n (%) 331(60.8) 229 (60.6) 102 (61.4)
History of anticoagulants, n (%) 25 (4.6) 16 (4.2) 9(5.4)
Length of stay in neuro-ICU 5.0 (2.0-10.0) 4.0 (2.0-10.0) 5.0 (2.0-10.0)
(days), median (IQR)
Diabetes, yes (%) 78 (14.3) 52(13.8) 26 (15.7)
Hypertension, yes (%) 257 (47.2) 174 (46) 83 (50)
Heart disease, yes (%) 27 (5) 17 (4.5) 10 (6)
Cerebral infarction, yes (%) 50(9.2) 41(10.8) 9(5.4)
Chronic renal insufficiency,yes 11 (2) 10 (2.6) 1(0.6)
(%)
Admission season, n (%)
Spring 127 (23.3) 90 (23.8) 37(223)
Summer 141 (25.9) 95 (25.1) 46 (27.7)
Autumn 169 (31.1) 114 (38.1) 55(33.1)
Winter 107 (19.7) 79 (20.9) 28(16.9)
Admission diagnosis, n (%)
Cerebral hemorrhage 268 (49.3) 178 (47.1) 90 (54.2)
Brain injury 144 (26.5) 110 (29.1) 40 (24.1)
Aneurysm 88(16.2) 59 (15.6) 29(17.5)
Epilepsy 31(5.7) 21 (5.6) 10 (6.0)
Brain tumor 13(2.4) 10 (2.6) 3(1.8)
Laboratory parameters
INR, median (IQR) 1.05(1-1.13) 1.05 (1.00-1.12) 1.05(1.00-1.13)
BMI (kg/m?) 23.9(3.8) 23.9(3.9) 24.1 (3.5)
Albumin (g/L) 40.9 (6.8) 40.5 (7.0) 41.7 (6.4)
Total protein, (g/L), median (IQR) 70.10 (62.10-76.28) 69.30 (60.60-75.60)  71.40 (64.90-77.30)
RBC (10"/L) 4.1(0.8) 4.1(0.9) 43(0.7)

12.36 (9.25-16.24)
174.0 (118.0-224.0)
129 (24.5)

63.80 (52.45-81.00)

0.28 (1.00-0.88)

27.5(17.0-38.0)
31.5(25.0-42.0)

Uric acid (pmol/L) 294.4(109.7) 294.5(112.5) 294.2 (103.4)

Urea (mmol/L), median (IQR) 5.4 (4.24-6.59) 522 (4.22-6.43) 5.69 (4.39-6.91)

LAC (mmol/L) 3.2(29) 3.2(3.2) 3.1(1.9

Glucose (mmol/L), median (IQR) 8.6 (6.72-11.22) 8.6 (6.59-11.10) 8.90 (6.89-11.40)

Systolic pressure (mmHg) 153.8(37.9) 152.4 (37.4) 157 (39.0)
Treatment

Surgery, yes (%) 320(58.8) 225 (59.5) 95 (57.2)

Number of antibiotics, =2 (%) 93 (17.1) 62 (16.4) 31(18.7)

“The quantitative data are distributed normally, expressed by means + standard deviations; the quantitative data
are skewed and expressed as medians (25th-75th percentile). Qualitative data are expressed in n (%). Admission
season: spring (1 March-31 May), summer (1 June-31 August), autumn (1 September-30 November), and winter
(1 December-28 February). ALT, alanine transaminase; AST, aspartate transaminase; BMI, body mass index; INR,
international normalized ratio; IQR, interquartile range; LAC, lactic acid; RBC, red blood cell; SD, standard deviation;
WBC, white blood cell.
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TABLE 2 Multivariate analysis of risk factors for CRKP neuro-ICU inpatients®

Variable B SE Wald OR (95% Cl) Pvalue
Number of antibiotics >2 2.206 0.605 13.315 9.082 (2.777-29.707) <0.001
Length of stay in neuro-ICU 0.072 0.03 5.706 1.075(1.013-1.140) 0.017
Surgery 1.346 0.643 4.381 3.840(1.089-13.538) 0.036

B is the regression coefficient. P was set at <0.05 for the multivariable results. Variables were excluded based on
univariate analysis (P < 0.25): age (P = 0.971), diabetes (P = 0.537), hypertension (P = 0.620), cerebral infarction (P
= 0.785), heart disease (P = 0.991), admission diagnosis (P = 0.801), chronic renal insufficiency (P = 0.573), systolic
pressure (P = 0.317), history of anticoagulants (P = 0.940), albumin (P = 0.444), BMI (P = 0.298), total protein (P =
0.667), RBC (P = 0.579), WBC (P = 0.869), hemoglobin (P = 0.376), procalcitonin (P = 0.839), ALT (P = 0.904), AST
(P = 0.772), uric acid (P = 0.857), glucose (P = 0.867), and INR (P = 0.883). Variables were excluded in the final
multivariable analysis (P < 0.05): gender (P = 0.203), serum creatinine (P = 0.210), platelets (P = 0.316), LAC levels
(P =0.161), urea levels (P = 0.418), and admission season (P = 0.394). Cl, confidence interval; OR, odds ratio; SE,
standard error.

DISCUSSION

This study has developed a nomogram model that accurately predicts the risk of CRKP
infection in neurocritically ill patients. The model is based on easily obtainable indicators
such as the number of antibiotics used, length of stay in neuro-ICU, and surgery. We
validated the prediction model and found it to have good overall predictive value.
Therefore, the established model could serve as an easy-to-use tool for predicting and
preventing CRKP infection, which is a nosocomial infection with increasing incidence in
neuro-ICU patients.

Our study found a prevalence of CRKP infection at 6.43%, which is consistent with
the results of a previous study that reported a prevalence of 6.08% (29). However,
recent studies have suggested that the prevalence of CRKP varies significantly across
regions (15). For example, based on evidence from studies conducted in different regions
of China, the prevalence of CRKP is less than 5% in Qinghai and Tibet, 10%-20% in
Jiangsu and Zhejiang, and more than 20% in Beijing and Shanghai (30). In, addition, the
prevalence of CRKP was high around the Yangtze River, spanning the East and Central
regions of China (31). Previous studies have indicated that there is a greater prevalence
of CRKP in regions with higher population densities and more advanced economies
(32). This phenomenon can be attributed to the greater population density and lower
air quality resulting from urbanization, which can make people more susceptible to
bacterial infections (33). The recent study conducted in Beijing found multiple carbape-
nem-resistant genes in smog metagenomes (34). Also, with the continuous improvement
of living standards, many patients prefer to go to tertiary hospitals for treatment, even
for simple care needs (35). This results in a higher hospital bed density and, resultantly,
a higher prevalence of CRKP (36). Therefore, medical institutions should attach great
importance to regions where the prevalence of CRKP is increasing and take effective
measures to control nosocomial infections caused by this superbug. It should be
mentioned that most of the current research is limited to the eastern economic zone,
the most economically developed region of China. The current status of CRKP infection in
the central and western economic zones may be underestimated because of the lack of
diagnostic tools and interventions.

In this study, neurocritically ill patients who used >2 antibiotics were found to be
more likely to have CRKP infection. This finding supports the results of previous studies
that have shown a significant correlation between the utilization of multiple antibiot-
ics and the development of CRKP infection (37-39). The use of multiple antibiotics
can lead to an increase in the risk of infection due to selective pressure on resistant
microorganisms (40, 41). In clinical practice, the initiation of antimicrobial treatment for
critically ill patients is mostly empirical (42). Considering the severity of critical illness,
clinicians aim to achieve rapid clinical improvement and to avoid delay in treatment
while waiting for etiological results (43, 44). However, previous studies have shown
that the accuracy of empirical antibiotic use is still only 25.0%-49.5% (45). The most
common conditions in which antibiotics are inappropriately used include prolonged
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FIG 2 (A) Nomogram to predict the risk of CRKP infection in neuro-ICU patients (B) Example of an application of the nomogram to predict the occurrence of

CRKP infection in neuro-ICU patients.

treatment, treatment of non-infectious or non-bacterial syndromes, and the excessive
use of broad-spectrum antibiotics (46). Research shows that structured workflow within
the hospital affects the manner in which antibiotics are prescribed (47). Clinicians believe
that the use of multiple and broad-spectrum antimicrobials reduces the risk of nosoco-
mial infections and improves hospital performance measures (47, 48). Therefore, the
epidemiological characteristics of infectious pathogens in local hospitals and wards
should be fully considered in the early empiric administration to improve the accuracy of
empiric administration. In addition, by improving the accuracy of pathogenic detection
(e.g., alveolar lavage fluid samples) and timeliness (e.g., next-generation sequencing),
pathogenic bacteria can be identified early and targeted antibiotic treatment given.

In this study, a long stay in the neuro-ICU was identified as an independent risk
factor for CRKP infection. The transmission of resistant bacteria through air and direct
contact in the neuro-ICU environment may contribute to the occurrence of nosocomial
infections (29). With an increase in the length of hospital stay, neurocritically ill patients
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are exposed to an environment with more pathogenic bacteria for a long time, which
further increases the risk of CRKP infection (49). Therefore, controlling the length of stay
in neuro-ICU is a potential strategy for improving prognosis and reducing the risk of
CRKP infection. Medical staff should implement early rehabilitation after assessing the
condition of patients. After the condition of patients is relatively stable, they should
be transferred to the general ward as soon as possible to reduce the length of stay in
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FIG 4 The calibration curve of the nomogram model in the validation set.
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the neuro-ICU. In addition, a multidisciplinary diagnosis and treatment model should be
established for neurocritically ill patients with multiple diseases (e.g., patients undergo-
ing dialysis). Early treatment can facilitate recovery and shorten the length of neuro-ICU
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FIG 6 Clinical impact curve of the nomogram model.
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stay. Medical staff should isolate and treat patients who are at a high risk of developing
CRKP infection as soon as possible. If necessary, these patients should be transferred to a
single room to minimize the further spread of infection.

Surgery was identified as another independent risk factor for CRKP infection. Earlier
studies have shown that surgery is a risk factor for CRKP infection (2, 50). Patients who
have undergone surgical treatment in the neuro-ICU remain in a state of high stress and
metabolism after surgery, accompanied by decreased immune function, which increases
the risk of bacterial infections (51). Moreover, patients who have undergone surgery may
require longer neuro-ICU stays and more invasive procedures, which in turn increases the
risk of CRKP infection. Therefore, patients in the neuro-ICU who have undergone surgery
should be closely monitored for nosocomial infections, especially CRKP, so as to prevent
them as early as possible.

Based on the nomogram model developed in this study, we comprehensively
interviewed the medical staff (n = 10, via convenient sampling) in the neuro-ICU
to assess their opinions and expectations when using the model in clinical practice.
Clinicians generally expressed a strong interest in the nomogram model and agreed
with its importance in identifying patients at high risk for CRKP infection in routine
clinical care. However, nurses expressed concerns about the complexity of the prediction
model. Although similar barriers were identified in previous research (52, 53), studies
to investigate the barriers in implementing the prediction models in actual clinical
contexts are rare. Therefore, further research should also consider the way of integrating
the prediction model into traditional clinical workflows. For example, this could involve
forming an interdisciplinary team of medical staff and data scientists to create a detailed
implementation plan for the model. Another overarching issue is that a minority of
participants felt that the length of stay in the neuro-ICU in the model was not conducive
to the early prediction of CRKP infection on hospital admission. The length of stay in
neuro-ICU was not easily obtainable after admission, which may have hindered the
model’s ability to assess quickly. A recent study suggested that a simple model with
easily obtained variables would be more suitable and applicable in clinical practice (54).
Therefore, in selecting future prediction model factors, it may be necessary to consider
the time limit for obtaining predictors. Moreover, the development of an online web
application, such as a risk calculator, may offer greater convenience for the application of
prediction models in clinical settings. It may allow clinicians to identify high-risk patients
and initiate prompt treatment to reduce the risk of CRKP infection.

Strengths and limitations

This study is a significant contribution to the field, as it establishes the first nomogram
model for predicting the risk of CRKP infection in patients admitted to the neuro-ICU.
The nomogram has the advantage of using variables that can be obtained through
routine examinations and has shown good discrimination and calibration in both the
training and validation sets. However, this study has several limitations. First, our study
was retrospective, which may introduce selection bias during data collection. Second,
this study was conducted at a single hospital in one city with a limited sample size;
therefore, the generalizability of the findings may be limited. In particular, the prevalence
of CRKP can vary based on geographical, seasonal, and climatic factors, which may
impact the applicability of our results to other regions. Therefore, our study could serve
as a pilot study for larger, multiple center, and prospective studies, and future studies
with multiple centers and larger populations from diverse areas should be carried out
to confirm and expand upon our findings. Nevertheless, our findings are valuable and
worth reporting as they focus specifically on neuro-ICU patients, a subset that has not
been not widely investigated, and the evidence is rather needed for clinical practice.
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Conclusion

In this study, we developed a simple-to-use nomogram to predict the risk of CRKP
infection in patients admitted to the neuro-ICU. The nomogram was constructed by
integrating easily obtained variables, including the number of antibiotics used, surgery,
and length of stay in neuro-ICU. This nomogram may serve as a useful tool for clini-
cians to design more effective treatment strategies for neurocritically ill patients with
CRKP infection and to prevent other nosocomial infections. Although the medical staff
showed a positive attitude toward the nomogram model, certain concerns remain to be
addressed to facilitate the application of the model in clinical practice.

ACKNOWLEDGMENTS

The authors acknowledge and thank all the staff of the laboratory and all the clinicians
and staff of the neurosurgical critical care unit.

This work was funded by the Open Project Program of Key Laboratory of Big Data
Analysis and Knowledge Services of Yangzhou University (YBK202202), the National
Natural Science Foundation of China (No. 82172603), the Natural Science Foundation of
Jiangsu Province (BK20221280), the Special Fund for Social Key Research and Develop-
ment Plan of Yangzhou City (YZ2022097), the Chinese Postdoctoral Science Foundation
(2022M711426), the Jiangsu Provincial Health Commission New Technology Introduction
and Evaluation Project (M2022044), and Foundation of Yangzhou Science and Technol-
ogy Planning (YZ2020076).

G.Y.L. and Y.PL. conceived and designed the study. J.Y.Z. analyzed the data and wrote
the first draft. G.Y.L,, Y.PL,, J.Y.Z,, and C.L.R. contributed to the revision of the manuscript.
TS, YTL, X.RG, QPZ, JLD, J.C, KY., QM, X.G.L, H.LY. took charge of the collection
of all data. Y.PL. gave important suggestions on improving the quality of the analysis
and monitored the study’s progress, as well as revised the manuscript. All authors
contributed to the data collection, checking, and processing. All authors reviewed the
final version of the manuscript. All authors read and approved the final manuscript.

AUTHOR AFFILIATIONS

'School of Public Health, Medical College of Yangzhou University, Yangzhou University,
Yangzhou, China

2School of Nursing, Medical College of Yangzhou University, Yangzhou University,
Yangzhou, China

*Neuro-Intensive Care Unit, Department of Neurosurgery, Clinical Medical College,
Yangzhou University, Yangzhou, China

“College of Information Engineering, Yangzhou University, Yangzhou, China

*Department of Laboratory Medicine, Clinical College of Yangzhou University, Yangzhou,
China

®Department of Neurology, Northern Jiangsu People’s Hospital, Yangzhou, China
"Department of Neuro-Intensive Care Unit, Clinical Medical College of Yangzhou
University, Yangzhou, China

AUTHOR ORCIDs

Guangyu Lu @ http://orcid.org/0000-0003-2568-7091
Yuping Li (® http://orcid.org/0000-0002-4527-2582

FUNDING

Funder Grant(s) Author(s)
MOST | National Natural Science Foundation of China No. 82172603 Yuping Li
(NSFC)

January 2024 Volume 12 Issue 1

Microbiology Spectrum

10.1128/spectrum.03096-2312


https://doi.org/10.1128/spectrum.03096-23

Research Article

Microbiology Spectrum

Funder

Grant(s)

Author(s)

JST | Natural Science Foundation of Jiangsu Province

(Jiangsu Natural Science Foundation)

BK20221280 Yuping Li

Foundation of Yangzhou Science and Technology Planning YZ2020076  Chuanli Ren
Open Project Program of Key Laboratory of Big Data YBK202202  Yuping Li
Analysis and Knowledge Services of Yangzhou University

Special Fund for Social Key Research and Develpoment YZ2022097  Yuping Li

Plan of Yangzhou City

Chinese Postdoctoral Science Foundation

2022M711426 Yuping Li

Jiangsu Provincial Health Commission New Technology

Introduction and Evaluation Project

M2022044

Yuping Li

DATA AVAILABILITY

The data sets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.

ETHICS APPROVAL

The medical ethics committee of the Clinical Medical College of Yangzhou University
approved our research protocol (2023ky129). Owing to the retrospective and observa-
tional nature of this study, informed consent was not required and was waived. This
study adhered to the guidelines outlined in and the standards set by the Declaration
of Helsinki. In order to protect the privacy of participants, all personal information was
de-identified and anonymized prior to analysis.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Table S1 (Spectrum03096-23-s0001.docx). Definitions of the variables used in this
study.

REFERENCES

1.

January 2024 Volume 12

Li X, Xie Y, Liu M, Tai C, Sun J, Deng Z, Ou HY. 2018. oriTfinder: a web-
based tool for the identification of origin of transfers in DNA sequences
of bacterial mobile genetic elements. Nucleic Acids Res 46:W229-W234.
https://doi.org/10.1093/nar/gky352

Li Y, LiJ, Hu T, Hu J, Song N, Zhang Y, Chen Y. 2020. Five-year change of
prevalence and risk factors for infection and mortality of carbapenem-
resistant Klebsiella pneumoniae bloodstream infection in a tertiary
hospital in North China. Antimicrob Resist Infect Control 9:79. https://
doi.org/10.1186/513756-020-00728-3

Teo J-M, Tang CY, Tan SH, Chang HY, Ong SM, Lee S-Y, Koh T-H, Sim J-C,
Kwa A-H, Ong R-H. 2022. Genomic surveillance of carbapenem-resistant
Klebsiella pneumoniae from a major public health hospital in Singapore.
Microbiol Spectr 10:e0095722. https://doi.org/10.1128/spectrum.00957-
22

Protonotariou E, Meletis G, Pilalas D, Mantzana P, Tychala A, Kotzamani-
dis C, Papadopoulou D, Papadopoulos T, Polemis M, Metallidis S, Skoura
L. 2022. Polyclonal endemicity of carbapenemase-producing Klebsiella
pneumoniae in Icus of a greek tertiary care hospital. Antibiotics (Basel)
11:149. https://doi.org/10.3390/antibiotics 11020149

Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet DL,
Pulcini C, Kahlmeter G, Kluytmans J, Carmeli Y, Ouellette M, Outterson K,
Patel J, Cavaleri M, Cox EM, Houchens CR, Grayson ML, Hansen P, Singh
N, Theuretzbacher U, Magrini N, WHO Pathogens Priority List Working
Group. 2018. Discovery, research, and development of new antibiotics:
the WHO priority list of antibiotic-resistant bacteria and tuberculosis.

Issue 1

10.

1.

Lancet Infect Dis 18:318-327.
3099(17)30753-3

Diallo OO, Baron SA, Abat C, Colson P, Chaudet H, Rolain JM. 2020.
Antibiotic resistance surveillance systems: a review. J Glob Antimicrob
Resist 23:430-438. https://doi.org/10.1016/j.jgar.2020.10.009

Fupin H, Yan G, Demei Z, Fu W, Xiaofei J, Yingchun X, Xiaojiang Z,
Zhaoxia Z, Ping J, Yi X, et al. 2022. CHINET surveillance of antimicrobial
resistance among the bacterial isolates in 2021. Chinese J Infect
Chemother 22:521-530.

Wu H, Mao Y, Du X, Zhao F, Jiang Y, Yu Y. 2022. The value of neutrophil-
to-lymphocyte ratio for evaluating blood stream infection caused by
carbapenem-resistant Klebsiella pneumoniae: a retrospective cohort
study. Front Med 9. https://doi.org/10.3389/fmed.2022.832655

Wu C, Zheng L, Yao J. 2022. Analysis of risk factors and mortality of
patients with carbapenem-resistant Klebsiella pneumoniae infection.
Infect Drug Resist 15:2383-2391. https://doi.org/10.2147/IDR.S362723
Zhou K, Xiao T, David S, Wang Q, Zhou Y, Guo L, Aanensen D, Holt KE,
Thomson NR, Grundmann H, Shen P, Xiao Y. 2020. Novel subclone of
carbapenem-resistant Klebsiella pneumoniae sequence type 11 with
enhanced virulence and transmissibility, China. Emerg Infect Dis 26:289-
297. https://doi.org/10.3201/eid2602.190594

Chi X, Meng X, Xiong L, Chen T, Zhou Y, Ji J, Zheng B, Xiao Y. 2022. Small
wards in the ICU: a favorable measure for controlling the transmission of
carbapenem-resistant  Klebsiella pneumoniae. Intensive Care Med
48:1573-1581. https://doi.org/10.1007/s00134-022-06881-0

https://doi.org/10.1016/S1473-

10.1128/spectrum.03096-2313


https://doi.org/10.1128/spectrum.03096-23
https://doi.org/10.1093/nar/gky352
https://doi.org/10.1186/s13756-020-00728-3
https://doi.org/10.1128/spectrum.00957-22
https://doi.org/10.3390/antibiotics11020149
https://doi.org/10.1016/S1473-3099(17)30753-3
https://doi.org/10.1016/j.jgar.2020.10.009
https://doi.org/10.3389/fmed.2022.832655
https://doi.org/10.2147/IDR.S362723
https://doi.org/10.3201/eid2602.190594
https://doi.org/10.1007/s00134-022-06881-0
https://doi.org/10.1128/spectrum.03096-23

Research Article

20.

21.

22.

23.

24,

25.

26.

27.

28.

January 2024 Volume 12

Qin X, Wu S, Hao M, Zhu J, Ding B, Yang Y, Xu X, Wang M, Yang F, Hu F.
2020. The colonization of carbapenem-resistant Klebsiella pneumoniae:
epidemiology, resistance mechanisms, and risk factors in patients
admitted to intensive care units in China. J Infect Dis 221:5206-S214.
https://doi.org/10.1093/infdis/jiz622

Ding X, Liang H, Qi X, Sun G, Cheng M, Feng M, Sun T. 2023. Changes of
Klebsiella pneumoniae infection and carbapenem resistance in ICU
elderly infected patients before and after the COVID-19 pandemic in
Zhengzhou, China. J Infect 86:256-308. https://doi.org/10.1016/j.jinf.
2023.01.008

Dai G, Xu Y, Kong H, Xie W, Wang H. 2021. Risk factors for carbapenem-
resistant Klebsiella pneumoniae infection and associated clinical
outcomes. Am J Transl Res 13:7276-7281.

Li Y, Shen H, Zhu C, Yu Y. 2019. Carbapenem-resistant Klebsiella
pneumoniae infections among ICU admission patients in central China:
prevalence and prediction model. Biomed Res Int 2019:9767313. https://
doi.org/10.1155/2019/9767313

Wang L, Huang X, Zhou J, Wang Y, Zhong W, Yu Q, Wang W, Ye Z, Lin Q,
Hong X, Zeng P, Zhang M. 2020. Predicting the occurrence of multidrug-
resistant organism colonization or infection in ICU patients: develop-
ment and validation of a novel multivariate prediction model.
Antimicrob Resist Infect Control 9:66. https://doi.org/10.1186/s13756-
020-00726-5

Zhu W-M, Yuan Z, Zhou H-Y. 2020. Risk factors for carbapenem-resistant
Klebsiella pneumoniae infection relative to two types of control patients:
a systematic review and meta-analysis. Antimicrob Resist Infect Control
9:23. https://doi.org/10.1186/513756-020-0686-0

Maslove DM, Lamontagne F, Marshall JC, Heyland DK. 2017. A path to
precision in the ICU. Crit Care 21:79. https://doi.org/10.1186/513054-017-
1653-x

Li Y, Liu Y, Huang Y, Zhang J, Ma Q, Liu X, Chen Q, Yu H, Dong L, Lu G.
2023. Development and validation of a user-friendly risk nomogram for
the prediction of catheter-associated urinary tract infection in neuro-
intensive care patients. Intensive Crit Care Nurs 74:103329. https://doi.
org/10.1016/j.iccn.2022.103329

Zhao JZ, Zhou DB, Zhou LF, Wang RZ, Zhang JN, Wang S, Li XG, Hua F,
Liu J, Jiang J, et al. 2015. The experts consensus for patient management
of neurosurgical critical care unit in China (2015). Chin Med J (Engl)
128:1252-1267. https://doi.org/10.4103/0366-6999.156146

Song Y, Chen Q, Tang H, Li J, Hu Z. 2020. Analysis of drug resistance and
risk factors of carbapenem-resistant enterobacteriaceae in patientswith
neurosurgical intensive care unit. J Tianjin Med Uni 26:76-80.

Song Y, Chen Q, Tang H, Li J, Hu Z. 2020. Prognostic analysis of patients
with respiratory tract infection by KPC-producing Klebsiella pneumoniae
in neurosurgery intensive care unit. China J Dis 37:441-444.

Su D, Zeng Q, Lu H, Shen A. 2021. Analysis of influencing factors and
economic burden of carbapenem-resistant Klebsiella pneumoniae
pulmonary infection in neurosurgical patients. China J Dis 38:531-533.
Tacconelli E, Cataldo MA, Dancer SJ, De Angelis G, Falcone M, Frank U,
Kahlmeter G, Pan A, Petrosillo N, Rodriguez-Bafio J, Singh N, Venditti M,
Yokoe DS, Cookson B, European Society of Clinical Microbiology. 2014.
ESCMID guidelines for the management of the infection control
measures to reduce transmission of multidrug-resistant gram-negative
bacteria in hospitalized patients. Clin Microbiol Infect 20 Suppl 1:1-55.
https://doi.org/10.1111/1469-0691.12427

Ocampo W, Geransar R, Clayden N, Jones J, de Grood J, Joffe M, Taylor G,
Missaghi B, Pearce C, Ghali W, Conly J. 2017. Environmental scan of
infection prevention and control practices for containment of hospital-
acquired infectious disease outbreaks in acute care hospital settings
across Canada. Am J Infect Control 45:1116-1126. https://doi.org/10.
1016/}.2jic.2017.05.014

Bassetti M, Peghin M, Pecori D. 2016. The management of multidrug-
resistant enterobacteriaceae. Curr Opin Infect Dis 29:583-594. https://
doi.org/10.1097/QC0.0000000000000314

Wang X, Lu J, Song Z, Zhou Y, Liu T, Zhang D. 2022. From past to future:
bibliometric analysis of global research productivity on nomogram
(2000-2021). Front Public Health 10:997713. https://doi.org/10.3389/
fpubh.2022.997713

Balachandran VP, Gonen M, Smith JJ, DeMatteo RP. 2015. Nomograms in
oncology: more than meets the eye. Lancet Oncol 16:173-e180. https:/
/doi.org/10.1016/51470-2045(14)71116-7

Issue 1

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Microbiology Spectrum

Zhang M, Song W, Ke Y, Liu M, Zeng L. 2019. Investigation and control of
an outbreak of carbapenem-resistant Klebsiella pneumoniae infection in
department of neurosurgery. Chinese J Infect Control 18:353-357.

Hu F, Zhu D, Wang F, Wang M. 2018. Current status and trends of
antibacterial resistance in China. Clin Infect Dis 67:5128-S134. https://
doi.org/10.1093/cid/ciy657

Xu A, Zheng B, Xu Y-C, Huang Z-G, Zhong N-S, Zhuo C. 2016. National
epidemiology of carbapenem-resistant and extensively drug-resistant
gram-negative bacteria isolated from blood samples in China in 2013.
Clin Microbiol Infect 22 Suppl 1:51-S8. https://doi.org/10.1016/j.cmi.
2015.09.015

Wang N, Zhan M, Liu J, Wang Y, Hou Y, Li C, Li J, Han X, Liu J, Chen Y, Fan
J, Tang J, Lu W, Zhong X, Zhang Z, Zhang W. 2022. Prevalence of
carbapenem-resistant Klebsiella pneumoniae infection in a northern
province in China: clinical characteristics, drug resistance, and
geographic distribution. Infect Drug Resist 15:569-579. https://doi.org/
10.2147/IDR.S347343

Qu J, Huang Y, Lv X. 2019. Crisis of antimicrobial resistance in China: now
and the future. Front Microbiol 10:2240. https://doi.org/10.3389/fmicb.
2019.02240

Pal C, Bengtsson-Palme J, Kristiansson E, Larsson DGJ. 2016. The
structure and diversity of human, animal and environmental resistomes.
Microbiome 4:54. https://doi.org/10.1186/s40168-016-0199-5

Ruan Y, Luo J, Lin H. 2022. Why do patients seek diagnose dis-
accordance with hierarchical medical system related policies in tertiary
hospitals? A qualitative study in Shanghai from the perspective of
physicians. Front Public Health 10:841196. https://doi.org/10.3389/
fpubh.2022.841196

Li W, Liu C, Ho HC, Shi L, Zeng Y, Yang X, Huang Q, Pei Y, Huang C, Yang
L. 2023. Association between antibiotic resistance and increasing
ambient temperature in China: an ecological study with nationwide
panel data. Lancet Reg Health West Pac 30:100628. https://doi.org/10.
1016/j.lanwpc.2022.100628

Wu D, Gong X, Yang M, Li Z, Wang Y, Jia R, Zhang X, Wang Y. 2022. Risk
factors for carbapenem-resistant Klebsiella pneumoniae infection in ICU:
a meta analysis. China JHI 32:2241-2248.

Zhang L, Shu C, Cao G, Zhou X, Zhou C. 2018. Risk factors analysis of
carbapenem-resistant Klebsilla pneumoniae infection. Chin J Lab Technol
28:750-752.

Lin L, Wang J, Hu Z, Fang P. 2018. Analysis of clinical risk factors for
carbapenem-resistant Klebsiella pneumoniae infection. Chongqing
Medicine 47:236-239.

Agyeman AA, Bergen PJ, Rao GG, Nation RL, Landersdorfer CB. 2020. A
systematic review and meta-analysis of treatment outcomes following
antibiotic therapy among patients with carbapenem-resistant Klebsiella
pneumoniae infections. Int J Antimicrob Agents 55:105833. https://doi.
org/10.1016/j.ijantimicag.2019.10.014

Marques PH, Prado L da S, Felice AG, Rodrigues TCV, Pereira U de P,
Jaiswal AK, Azevedo V, Oliveira CJF, Soares S. 2022. Insights into the
Vibrio genus: a one health perspective from host adaptability and
antibiotic resistance to in silico identification of drug targets. Antibiotics
(Basel) 11:1399. https://doi.org/10.3390/antibiotics11101399

Ciccolini M, Spoorenberg V, Geerlings SE, Prins JM, Grundmann H. 2015.
Using an index-based approach to assess the population-level
appropriateness of empirical antibiotic therapy. J Antimicrob Chemother
70:286-293. https://doi.org/10.1093/jac/dku336

Sartelli M, Weber DG, Ruppé E, Bassetti M, Wright BJ, Ansaloni L, Catena
F, Coccolini F, Abu-Zidan FM, Coimbra R, Moore EE, et al. 2016.
Antimicrobials: a global alliance for optimizing their rational use in intra-
abdominal infections (AGORA). World J Emerg Surg 11:33. https://doi.
org/10.1186/s13017-016-0089-y

Trupka T, Fisher K, Micek ST, Juang P, Kollef MH. 2017. Enhanced
antimicrobial de-escalation for pneumonia in mechanically ventilated
patients: a cross-over study. Crit Care 21:180. https://doi.org/10.1186/
$13054-017-1772-4

Yue X, Shi G. 2013. Use of antibiotics in postoperative intracranial
infection patients in neurosurgery. J Capital Med Univer 34:177-180.
Denny KJ, Gartside JG, Alcorn K, Cross JW, Maloney S, Keijzers G. 2019.
Appropriateness of antibiotic prescribing in the emergency department.
J Antimicrob Chemother 74:515-520. https://doi.org/10.1093/jac/
dky447

10.1128/spectrum.03096-2314


https://doi.org/10.1093/infdis/jiz622
https://doi.org/10.1016/j.jinf.2023.01.008
https://doi.org/10.1155/2019/9767313
https://doi.org/10.1186/s13756-020-00726-5
https://doi.org/10.1186/s13756-020-0686-0
https://doi.org/10.1186/s13054-017-1653-x
https://doi.org/10.1016/j.iccn.2022.103329
https://doi.org/10.4103/0366-6999.156146
https://doi.org/10.1111/1469-0691.12427
https://doi.org/10.1016/j.ajic.2017.05.014
https://doi.org/10.1097/QCO.0000000000000314
https://doi.org/10.3389/fpubh.2022.997713
https://doi.org/10.1016/S1470-2045(14)71116-7
https://doi.org/10.1093/cid/ciy657
https://doi.org/10.1016/j.cmi.2015.09.015
https://doi.org/10.2147/IDR.S347343
https://doi.org/10.3389/fmicb.2019.02240
https://doi.org/10.1186/s40168-016-0199-5
https://doi.org/10.3389/fpubh.2022.841196
https://doi.org/10.1016/j.lanwpc.2022.100628
https://doi.org/10.1016/j.ijantimicag.2019.10.014
https://doi.org/10.3390/antibiotics11101399
https://doi.org/10.1093/jac/dku336
https://doi.org/10.1186/s13017-016-0089-y
https://doi.org/10.1186/s13054-017-1772-4
https://doi.org/10.1093/jac/dky447
https://doi.org/10.1128/spectrum.03096-23

Research Article

47.

48.

49.

50.

January 2024 Volume 12

Malone SM, Seigel NS, Newland JG, Saito JM, McKay VR. 2020.
Understanding antibiotic prophylaxis prescribing in pediatric surgical
specialties. Infect Control Hosp Epidemiol 41:666-671. https://doi.org/
10.1017/ice.2020.71

Tomas A, Aljadeeah S. 2022. The overlooked issue of outpatient
combination antibiotic prescribing in low- and middle-income
countries: an example from Syria. Antibiotics (Basel) 11:74. https://doi.
org/10.3390/antibiotics11010074

Wang L, Tang D, Jiang X, Yang Y, Dong Q, Yang Y, Wu Z. 2022. Epidemio-
logical characteristics of carbapenem-resistant Klebsiella pneumoniae
clusters in neurosurgical intensive care unit and its treatment effects. J
Guizhou Med Univer 47:686-692.

da Silva KE, Maciel WG, Sacchi FPC, Carvalhaes CG, Rodrigues-Costa F, da
Silva ACR, Croda MG, Negrao FJ, Croda J, Gales AC, Simionatto S. 2016.
Risk factors for KPC-producing Klebsiella pneumoniae: watch out for
surgery. J Med Microbiol 65:547-553. https://doi.org/10.1099/jmm.0.
000254

Issue 1

51.

52.

53.

54.

Microbiology Spectrum

Lu G, Liu Y, Huang Y, Ding J, Zeng Q, Zhao L, Li M, Yu H, Li Y. 2023.
Prediction model of central nervous system infections in patients with
severe traumatic brain injury after craniotomy. J Hosp Infect 136:90-99.
https://doi.org/10.1016/j.jhin.2023.04.004

Sandhu S, Lin AL, Brajer N, Sperling J, Ratliff W, Bedoya AD, Balu S,
O’Brien C, Sendak MP. 2020. Integrating a machine learning system into
clinical workflows: qualitative study. J Med Internet Res 22:22421. https:
//doi.org/10.2196/22421

Yarborough BJH, Stumbo SP, Schneider J, Richards JE, Hooker SA,
Rossom R. 2022. Clinical implementation of suicide risk prediction
models in healthcare: a qualitative study. BMC Psychiatry 22:789. https://
doi.org/10.1186/s12888-022-04400-5

Lv C, Li M, Shi W, Pan T, Muhith A, Peng W, Xu J, Deng J. 2022. Explora-
tion of prognostic factors for prediction of mortality in elderly CAP
population using a nomogram model. Front Med (Lausanne) 9:976148.
https://doi.org/10.3389/fmed.2022.976148

10.1128/spectrum.03096-2315


https://doi.org/10.1017/ice.2020.71
https://doi.org/10.3390/antibiotics11010074
https://doi.org/10.1099/jmm.0.000254
https://doi.org/10.1016/j.jhin.2023.04.004
https://doi.org/10.2196/22421
https://doi.org/10.1186/s12888-022-04400-5
https://doi.org/10.3389/fmed.2022.976148
https://doi.org/10.1128/spectrum.03096-23

	Development and application of a nomogram model for the prediction of carbapenem-resistant Klebsiella pneumoniae infection in neuro-ICU patients
	MATERIALS AND METHODS
	Study population
	Diagnosis of CRKP infection
	Antimicrobial susceptibility testing
	Data collection
	Statistical analysis
	Logic behind the nomogram

	RESULTS
	Development and validation of the prediction tool for CRKP infection in neuro-ICU
	Incidence of CRKP infection
	Results of univariate and multivariate analyses
	Development of the nomogram
	Validation of the nomogram
	Clinical applicability of the nomogram

	DISCUSSION
	Strengths and limitations
	Conclusion



