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Abstract
Background  Recognition of carbapenem-resistant gram-negative bacteria (CR-GNB) carriage is frequently delayed, 
which increases the risk of subsequent infection and transmission. Previously, we developed a scoring system to 
identify CR-GNB carriage upon intensive care unit (ICU) admission. Although the ICU-CARB score showed satisfactory 
performance, it has not been externally validated. In this study, therefore, we externally validated the ICU-CARB score.

Methods  In the previous article, we introduced a risk-scoring system that incorporated seven key variables: 
neurological disease, high-risk department history, length of stay ≥ 14 days, ICU history, invasive mechanical 
ventilation, gastrointestinal tube placement, and carbapenem usage. To externally validate the ICU-CARB score, 
we conducted a study involving patients admitted to the ICUs of four tertiary hospitals between January 2021 and 
December 2023. Patients from three hospitals were grouped into Cohort I (n = 815) and those from the fourth hospital 
into Cohort II (n = 1602). Model calibration, discrimination, and performance were then assessed.

Results  A total of 2417 patients were included, among which 289 (12%) carried CR-GNB upon ICU admission. 
Neurological disease, high-risk department history and length of stay ≥ 14 days were still 3 most important 
contributing factors in the scoring system. The ICU-CARB score exhibited high calibration, with an area under the 
receiver operating characteristic curve of 0.825 (95% confidence interval [CI], 0.778–0.873) for Cohort I and 0.823 (95% 
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Introduction
Carbapenem-resistant gram-negative bacteria (CR-GNB) 
are epidemic-causing pathogens in health care settings 
and often associated with hospital-acquired infections, 
sepsis, and a high mortality rate [1, 2]. The prevalence of 
Multidrug Resistant Organisms (MDROs) in long-term 
care is high, reaching 40–65% in nursing homes and 80% 
in long-term acute care (LTAC) hospital settings [3, 4], 
exceeding the typical hospital prevalence of 10–20% [5, 
6]. Most cases of CR-GNB carriage are not recognized 
upon admission to the intensive care unit (ICU) due to 
resource constraints that preclude routine screening 
and lack of warning systems regarding CR-GNB status 
[7, 8]. Delayed identification in turn leads to failure to 
implement timely isolation, such that CR-GNB carriers 
can contaminate the ICU environment and increase the 
likelihood of cross-transmission. The development of a 
generalizable model that accurately identifies CR-GNB 
carriage irrespective of setting could guide clinical deci-
sion support and enable better and more timely recogni-
tion of CR-GNB carriers at the point of care [9, 10].

Several clinical risk models for prediction of CR-GNB 
or MDROs have been identified and can be roughly 
classified into carriage prediction model and coloniza-
tion/infection development models. The majority of 
those proposed carriage prediction models focused on 
hematologic malignancies, organ transplantation, and 
ICU patients, and the accuracy of these models yielded 
C-statistics ranging from 0.77 to 0.91 [11–17]. Giannella 
et al.’s risk score model, yielding an area under the curve 
(AUC) of 0.74–0.75, is one of the most influential mod-
els [17]. However, these prediction models focus on the 
occurrence of infection, and to develop a risk model that 
uses easily calculated variables that can achieve quick 
applicability of CR-GNB carriage risk before patients are 
subjected to pathogen screening and infection control 
measures may be more clinically attractive. In a recent 
study, we developed a risk-scoring system, known as the 
ICU-CARB score, for the early prediction of CR-GNB 
carriage upon ICU admission [15]. The model exhibited 
an AUC of 0.82 (95% confidence interval [CI], 0.78–0.86) 
in the training cohort and 0.83 (95% CI, 0.77–0.89) in 
the internal validation cohort. However, the external 

applicability of the model was not assessed because the 
model was derived and validated at a single center [18].

The aim of the present study was to externally validate 
the ICU-CARB score for the prediction of CR-GNB car-
riage in separate, independent ICU settings. This study 
is significant because demonstration of accurate predic-
tion of CR-GNB carriage in this new cohort would sup-
port the potential generalizability of our model to other 
patient populations and institutions.

Methods
Setting and study design
We conducted this external validation study at four hos-
pitals in Shanghai: Shanghai Ruijin Hospital, Shanghai 
Sixth People’s Hospital, Shanghai Tenth People’s Hospi-
tal, and Shuguang Hospital. The study was approved by 
the Institutional Ethics Committee of Ruijin Hospital 
affiliated with Shanghai Jiao Tong University School of 
Medicine (no. 2022-LLS-93) and the hospital’s research 
review committee. The requirement for informed consent 
was waived as this study did not involve any intervention.

All patients admitted to the ICU during the indicated 
periods were consecutively screened for study eligibil-
ity. Cohort I was recruited from Shanghai Sixth People’s 
Hospital (surgical ICU, between November 2022, and 
October 2023), Shanghai Tenth People’s Hospital (sur-
gical ICU, between June 2023, and October 2023), and 
Shuguang Hospital (emergency ICU, between June 2023, 
and August 2023). Cohort II was recruited from Shang-
hai Ruijin Hospital (general ICU) between January 2021, 
and December 2023. The research was conducted in 
compliance with ethical standards and adapted to clinical 
realities. The exclusion criteria for participation were as 
follows: (1) age < 18 years at the time of admission and (2) 
absence of active surveillance culture (ASC) within 72 h 
of admission.

Data collection and endpoint definition
The ICU-CARB score for prediction of CR-GNB carriage 
was previously described in detail [15]. Briefly, seven 
variables were included in the risk-scoring system: neu-
rologic disease (100 points), history of stay in a high-risk 
department (95 points), length of stay (LOS) ≥ 14 days 
(75 points), ICU history (65 points), invasive mechanical 

CI, 0.791–0.855) for Cohort II. The ICU-CARB score showed a highly positive association with CR-GNB carriage in both 
cohort I (C = 0.315; P < 0.001) and Cohort II (C = 0.381; P < 0.001).

Conclusions  Despite differences in patient population characteristics, the ICU-CARB score for CR-GNB carriage upon 
ICU admission exhibited good discrimination in external validation, supporting its potential generalizability to other 
ICU settings.

Keywords  Carbapenem-resistant gram-negative bacteria, Intensive care unit, External validation, Precaution, 
Predictive analytics
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ventilation (45 points), gastrointestinal tube placement 
(36 points), and carbapenem administration (29 points). 
After transfer to the ICU, the patient was immediately 
tested and scored using an online calculator ​(​​​h​t​​t​p​s​​:​/​/​w​​w​
w​​.​w​j​x​.​c​n​/​v​m​/​e​S​T​a​v​I​v​.​a​s​p​x​​​​​)​. Patients were then risk ​s​t​r​a​t​i​
f​i​e​d according to the total risk score as follows: negligible 
(score 0-110), low- (111–220), medium- (221–330), and 
high-risk (331–450).

All relevant data were carefully recorded by trained 
ICU physicians from the same clinical information sys-
tem. Neurologic diseases include cerebral degeneration, 
Parkinson’s disease, epilepsy, recurrent seizures, spino-
cerebellar disease, cerebellar ataxia, spinal muscular atro-
phy, and encephalopathy. History of stay in a high-risk 
department was defined to include patients with a history 
of hospitalization within the previous 30 days in a hospi-
tal department in which carbapenem-resistant pathogens 
were detected in the previous quarter. Each center quar-
terly updated the scope of high-risk department based 
on the epidemiological characteristics of its own facility. 
ICU history was defined as ICU hospitalization for more 
than 3 days within last 2 months. Assessment for invasive 
mechanical ventilation (tracheal intubation and tracheot-
omy) and gastrointestinal tube placement was performed 
upon admission to the ICU. History of carbapenem use 
was defined as intravenous administration of antibiotics 
within last 14 days prior to ICU admission. Data regard-
ing other variables were also collected, including patient 
demographic characteristics, Acute Physiology and 
Chronic Health Evaluation (APACHE II) score, Sequen-
tial Organ Failure Assessment (SOFA) score, and dis-
charge disposition.

ASCs were performed immediately upon admission 
then twice a week during ICU stay to detect pathogen 
colonization/infection. Colonization screening must 
be performed, including rectal and pharyngeal swabs. 
Clinical specimens are collected when sepsis or infection 
is suspected, including sputum, drainage, urine, cath-
eter and blood [19]. ASCs were performed the same fre-
quency and culture sites in the four ICUs participating in 
the study. CR-GNB carriage was defined as the detection 
of CR-GNB through ASCs and clinical cultures either 
before ICU admission or within 72  h after admission 
[20]. CR-GNB included Carbapenem-resistant Entero-
bacteriaceae (CRE), Carbapenem-resistant Acinetobacter 
baumannii (CRAB), and Carbapenem-resistant Pseudo-
monas aeruginosa (CRPA).

Microbiological procedures
All ASCs cultures obtained at the clinician’s discretion 
were sent to the Department of Clinical Microbiology of 
each center for conventional testing. Isolates were iden-
tified using matrix-assisted laser desorption ionisation-
time of flight mass spectrometer (bioMérieux, Marcy 

l’Etoile, France). Antimicrobial susceptibilities were 
determined in vitro using the VITEK 2 Compact system 
(bioMérieux) or disk-diffusion assays. Each center fol-
lowed the guidelines set by Clinical and Laboratory Stan-
dards Institute (CLSI) and carbapenem resistance was 
defined based on the CLSI interpretation [21].

Parameters used to evaluate model performance
The model was calibrated by plotting apparent (actual), 
bias-corrected (adjusted), and ideal (100% agreement) 
curves with 1000 bootstrap resamples, and the level 
of agreement between predicted probabilities versus 
observed outcomes was then evaluated. Model discrimi-
nation was assessed by calculating the area under the 
receiver operating characteristic curve (C-statistic with 
95% confidence interval). The clinical utility of the model 
was evaluated using decision curve analysis (DCA), 
which quantifies the net benefit at different threshold 
probabilities.

Sample size and missing data
Determining sample size for observational studies is quite 
difficult. Typically, in multivariate regression models for 
binary outcomes, a well-known rule of thumb for the 
required sample size is to the events per variable (EPV) 
was 10 or greater [22]. We initially estimated that a sam-
ple size of 1000 patients, with 100 outcome events (event 
rate, 10%) would be adequate for our study. Ultimately, 
we enrolled 2417 patients, of which 289 were identified 
with CR-GNB carriage. The EPV was calculated at 41.3, 
significantly exceeding the benchmark of 10. A complete 
case analysis was performed with no missing data.

Statistical analysis
Statistical analyses were conducted using R statistical 
software, version 4.2.1 (http://cran.r-project.org). ​C​o​
n​t​i​n​u​o​u​s variables are reported as mean and standard 
deviation (SD) for normally distributed variables or as 
median and interquartile range (IQR) for non-normally 
distributed variables. Categorical variables are expressed 
as frequency and percentage. Characteristics between 
the two cohorts were compared using the Student t-test 
or Mann-Whitney U test for continuous variables and 
the chi-squared test or Fisher’s exact test for categorical 
variables. Two-sided p-values less than 0.05 were con-
sidered to indicate statistical significance. This study was 
reported according to the Transparent Reporting of a 
multivariable prediction model for Individual Prognosis 
or Diagnosis guidelines [23].

Results
Clinical characteristics of patients
A total of 2482 patients admitted to the ICUs were 
initially identified for screening. After applying the 

https://www.wjx.cn/vm/eSTavIv.aspx
https://www.wjx.cn/vm/eSTavIv.aspx
http://cran.r-project.org
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exclusion criteria (Fig. 1), a final analysis was conducted 
on 1736 adult patients. A total of 2417 patients were 
identified, of which 41.1% were female, and the mean age 
was 65.3 ± 18.8 years. The demographic characteristics 
and variables for both cohorts are summarized in Table 1 
for comparison. The rate of CR-GNB carriage upon 
ICU admission was 12.0% (289/2417) among the over-
all patient group, with similar incidence in Cohort I and 
Cohort II (12.0% vs. 11.9%, respectively). In cohort I, CR-
GNB carriage rate upon ICU admission was 9.2%, 26.7% 
and 11.3% (Additional file: Table S1). Surgical and emer-
gency patients comprised a larger proportion of Cohort 
I compared with Cohort II according to ICU type (68.3% 
vs. 58.1% and 27.2% vs. 14.1%, respectively).

Clinical characteristics and variables differed signifi-
cantly between the two groups (Table 1). Compared with 
Cohort II, patients in Cohort I showed lower scores for 
both APACHE II (12 vs. 15; P < 0.001) and SOFA (3 vs. 
5; P < 0.001). A higher proportion of patients in Cohort 
I had a neurologic disease (10.8% vs. 4.9%, respectively; 
P < 0.001), history of hospitalization in a high-risk depart-
ment within the previous 30 days (67.8% vs. 40.0%, 
respectively; P < 0.001), and history of invasive mechani-
cal ventilation upon ICU admission (79.6% vs. 47.3%, 
respectively; P < 0.001). A higher proportion of patients 
in Cohort II were hospitalized for ≥ 14 days before being 
transferred to the ICU (27.3% vs. 9.1%, respectively; 
P < 0.001), had a gastrointestinal tube placed upon ICU 
admission (54.3% vs. 25.4%, respectively; P < 0.001), and 
were administered carbapenem within 14 days (35.6% vs. 
14.5%, respectively; P < 0.001). There were no significant 
differences between Cohorts I and II in terms of ICU 
mortality (9.1% vs. 11.4%, respectively; P = 0.082) and 

Table 1  Baseline characteristics of the study cohort
All
(n = 2417)

Cohort I
(n = 815)

Cohort II
(n = 1602)

p

CRGNB carrier (%) 289 (12.0) 98 (12.0) 191 (11.9) 0.942
Female (%) 975 (40.3) 312 (38.3) 663 (41.4) 0.141
Age (mean (SD)) 65.3 (18.9) 66.0 

(16.7)
65.0 (19.8) 0.221

APACHE.II (median [IQR]) 12 [8, 18] 12 [9, 16] 15 [10, 20] < 0.001
SOFA (median [IQR]) 3 [1, 6] 3 [2, 5] 5 [2, 8] < 0.001
Department (%) < 0.001
  surgical 1488 (61.6) 557 (68.3) 931 (58.1)
  medical 476 (19.7) 36 (4.4) 440 (27.5)
  emergency 453 (18.7) 222 (27.2) 231 (14.4)
ICU mortality (%) 255 (10.6) 74 (9.1) 181 (11.4) 0.082
Variables
Neurological disease (%) 167 (6.9) 88 (10.8) 79 (4.9) < 0.001
High-risk departments 
history (%) a

1201 (49.7) 560 (68.7) 641 (40.0) < 0.001

LOS before ICU admis-
sion ≥ 14 (%)

511 (21.1) 74 (9.1) 437 (27.3) < 0.001

Previous ICU admission 
(%) b

228 (9.4) 64 (7.9) 164 (10.2) 0.058

Invasive mechanical 
ventilation (%)

1407 (58.2) 649 (79.6) 758 (47.3) < 0.001

Gastrointestinal tube (%) 1078 (44.6) 207 (25.4) 871 (54.3) < 0.001
Carbapenem usage (%) c 689 (28.5) 118 (14.5) 571 (35.6) < 0.001
CR-GNB, Carbapenem-resistant Gram-negative bacteria; APACHE, acute 
physiology and chronic health evaluation; SOFA, sequential organ failure 
assessment; LOS, length of stay; ICU, intensive care unit. a Within last month 
prior to ICU admission. b Administration for more than 3 days within last 2 
months prior to ICU admission. c Intravenous administration of antibiotics 
within last 14 days prior to ICU admission

Fig. 1  Flow chart of study participants. CR-GNB: carbapenem-resistant gram-negative bacterial
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ICU history in the previous 2 months (7.9% vs. 10.2%, 
respectively; P = 0.058).

Model performance
The performance of the model for the two cohorts is 
summarized in Fig. 2. Calibration plots showed adequate 
agreement between the predictive probabilities and 
actual observations in both cohorts, indicating a robust 
calibration of the ICU-CARB scoring system. Further-
more, the AUC for predicting CR-GNB carriage upon 
ICU admission was 0.825 (95% CI, 0.778–0.873) for 
Cohort I and 0.823 (95% CI, 0.791–0.855) for Cohort II, 

indicating acceptable discrimination. As for individual 
assessment of the three centers within Cohort I, the 
respective AUC values were 0.842 (95% CI, 0.779–0.905), 
0.739 (95% CI, 0.637–0.841), and 0.761 (95% CI, 0.589–
0.932) (Additional file: Fig. S1).

Clinical implications of the scoring system
The results of the DCA demonstrated that within 
a threshold probability range of 1–85% in Cohort I 
(Fig. 3A) and 1–60% in Cohort II (Fig. 3B), our risk pre-
diction nomogram for CR-GNB carriage would yield a 
net benefit for patients. As shown in Fig. 4, the risk score 

Fig. 2  Area under the receiver operating characteristic curve (AUC) values for the prediction of CR-GNB carriage upon ICU admission in Cohort I (A) and 
Cohort II (B). Calibration curve analysis in Cohort I (C) and Cohort II (D). CR-GNB: carbapenem-resistant gram-negative bacteria; ICU: intensive care unit
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was highly and positively associated with the risk of CR-
GNB carriage (P < 0.001 for the trend) in both cohorts. 
The observed incidence of CR-GNB carriage in both 
cohorts (46.2%, 39.4%) was consistent with the predicted 
incidence (46.0%, 39.0%) among patients at medium to 
high risk (Fig. 4; Table 2). The observed incidence of CR-
GNB carriage in Cohort II (10.6%) was higher than the 
predicted incidence in the negligible-risk group (3.1%). 

As shown in Fig. 3, the risk score showed a highly posi-
tive association with the risk of CR-GNB carriage in both 
cohort I (Pearson’s contingency coefficient (C) = 0.315; 
P < 0.001) and Cohort II (C = 0.381; P < 0.001).

Fig. 4  Increasing risk of CR-GNB carriage upon ICU admission with increasing risk score is evident in the Cohort I and Cohort II. Observed CR-GNB carriage 
rates in patient groups categorized as negligible/low risk and medium/high risk by the model closely matched the predicted rates. CR-GNB: carbapenem-
resistant gram-negative bacteria; ICU: intensive care unit

 

Fig. 3  Decision curve analysis of the ICU-CARB score for predicting CR-GNB carriage upon ICU admission in Cohort I (A) and Cohort II (B). ICU: intensive 
care unit; CR-GNB: carbapenem-resistant gram-negative bacteria
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Discussion
In this study, we externally validated a previously devel-
oped scoring system consisting of seven variables that 
predicts CR-GNB carriage upon ICU admission. The 
ICU-CARB score was found to be highly predictive of the 
observed incidence. When applied to the external valida-
tion datasets consisting of information for 2417 critically 
ill patients, the predictive capacity of the ICU-CARB 
score for Cohorts I and II (AUC = 0.825 & 0.823, respec-
tively) was very similar to that for the development data-
sets (AUC = 0.819 for the training set and 0.828 for the 
validation set). The model also performed well in terms 
of predicting whether the carriage risk would be high or 
low.

The strength of this study is that we externally vali-
dated our model’s performance by demonstrating that 
the power of the scoring system was similar even when 
applied at different centers. The CR-GNB carriage rate 
was similar between two cohorts; however, the demo-
graphic characteristics, hospitalization history, and 
medical exposure differed between the two cohorts. Nev-
ertheless, we showed that the accuracy of the ICU-CARB 
scoring system for predicting CR-GNB carriage rate and 
risk allocation was similar for both cohorts. A potential 
criticism of the study could be that accuracy is not the 
best metric for a skewed dataset, as it may be artificially 
improved by simply predicting all patients without CR-
GNB carriage [24]. In the medium- and high-risk groups, 
which accounted for only 15% of the datasets, approxi-
mately 40–45% of patients carried CR-GNB, but the 
ICU-CARB score still provided good recognition.

Unsurprisingly, fluctuations in forecast performance 
were observed when distinguishing between the negligi-
ble- and low-risk groups. The observed incidence of CR-
GNB carriage (10.6%) in the negligible-risk group was 
higher than the predicted incidence (3.1%) in Cohort I, 
but these values remained consistent in Cohort II (3.2% 
and 3.0%, respectively). This could have been due to dif-
ferences in the composition of ICU wards and patients 
between the two datasets. The majority of patients in 
Cohort I were surgical patients, and nearly 80% of the 
patients were intubated and received invasive mechani-
cal ventilation at the time of ICU transfer. This generally 
resulted in patients in the negligible-risk group exhibiting 
higher prediction scores. Critically ill patients typically 
exhibit lung and gut microbial dysbiosis after mechanical 

ventilation [25], and prolonged mechanical ventilation 
results in a decrease in lung microbial diversity and an 
increase in intestinal flora [26]. Patients in the surgi-
cal ICU receive mechanical ventilation primarily during 
the perioperative period. However, disease progression 
differs between patients who undergo scheduled extu-
bation after surgery and those who receive mechanical 
ventilation for reasons such as acute respiratory distress 
syndrome or cardiac arrest. Underestimating the CR-
GNB carriage rate in the negligible-risk group could lead 
to patients not adopting appropriate infection control 
measures; hence, ASC remained a critically important 
component of infection prevention and control strategy. 
Therefore, some particular parameter of the ICU-CARB 
score also may be adjusted in actual practice if the phy-
sician requires a narrower margin of error or if a wider 
margin of error could be tolerated.

A head-to-head comparison of the present results with 
those of prior studies is difficult because prediction tar-
gets differ, but our model performs well against other 
prediction models. For example, Zhang et al. developed 
a nomogram for the risk of CR-GNB infection in ICU 
patients using six variables, with AUC values of 0.776 
and 0.723 for the training and validation sets, respec-
tively. However, for laboratory and clinical indicators 
involving multiple measured values, only the worst value 
on the first day of ICU admission is included. Therefore, 
models that predict dynamic outcomes actually perform 
poorly [27]. The model developed by Liao et al. for pre-
dicting development of CR-GNB infection in the ICU 
also showed similar predictive capabilities (AUC = 0.753 
and 0.718 for the experimental and validation cohorts, 
respectively) [28]. For greater accuracy, Liang et al. 
developed machine learning prediction models for early 
prediction of CR-GNB carriage within 7 days in ICU set-
tings. The accuracy and AUROC for their algorithm were 
> 85% and > 0.91, respectively [29]. However, their model 
relied on a real-time database; thus, the 16 variables that 
require updating limit the model’s clinical application. 
Notably, our study specifically targeted risk factors for 
CR-GNB carriage upon ICU admission. The applicability 
of the ICU-CARB score in different ICU settings could be 
enhanced by incorporating simple and readily accessible 
indicators.

Notably, the AUC values, which range from 0.74 to 
0.84 across various external validation datasets, suggest 

Table 2  Comparison of the patients between different risk levels in the external validation sets
Risk level Score Cohort I Cohort II

Patients (%) Predicted risk (%) Observed risk (%) Patients (%) Predicted risk (%) Observed risk (%)
Negligible 0-110 246 (30.2) 3.1 10.6 818 (51.1) 3.0 3.2
Low 111–220 478 (58.7) 10 6.3 558 (34.8) 12 13.6
Medium 221–330 61 (7.5) 34 34.4 181 (11.3) 34 35.4
High 331–450 30 (3.7) 72 67.8 45 (2.8) 62 55.6
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a probably considerable level of generalizability for our 
model. This indicates that our model may be applicable in 
ICUs with similar patient demographics in regions where 
CR-GNB is highly prevalent, such as Eastern Europe and 
Southeast Asia [4]. Nevertheless, in areas with lower 
prevalence, like Africa, or in non-ICU settings, additional 
validation is essential [30]. ASC continues to be the foun-
dational method for screening in these contexts. Also, 
we endeavored to refine our model using machine learn-
ing techniques. However, given the linear relationship 
between the variables and the outcomes, we determined 
through further exploration that a logistic regression 
model maintained satisfactory performance and retained 
strong interpretability. Consequently, we opted to adhere 
to the original model for its effectiveness and clarity. To 
further validate and refine our model, multicenter pro-
spective studies or the utilization of public databases 
could be conducted.

In-time isolation is crucial for limiting the spread of 
extensively drug-resistant (XDR)/CR-GNB among criti-
cally ill patients, and pre-emptive isolation based on pre-
dictive model data can indeed reduce cross-transmission 
and infection [31, 32]. For critically ill patients, both CR-
GNB colonization (odds ratio [OR] = 1.10, 95% CI 0.87–
1.40) or CR-GNB acquisition in the ICU (OR = 2.72, 95% 
CI 1.95–3.77, P < 0.001) are associated with significantly 
increased risk of mortality [33–35]. Evidence is cur-
rently insufficient to provide recommendations for any 
intervention in patients colonized with MDROs [17], so 
comprehensive infection prevention and control inter-
ventions are of high priority in clinical practice [36, 37]. 
Moreover, ASCs and pre-emptive isolation enable the 
containment of CRE bacteremia (0.554 cases per 10,000 
patient-days to 0.447 cases per 10,000 patient-days, 
P < 0.001) and CRE infections (2.09 to 1.49, P < 0.001) 
[32].

Rapid and widespread increases in CR-GNB necessitate 
identification of risk levels to guide appropriate inter-
ventions [9]. The predictive scoring model developed by 
Qiao et al. found that the mortality rate of patients clas-
sified as high risk (≥ 160 points) was 8 times higher than 
that of the low-risk group [38]. Similarly, our model indi-
cated that the risk of CR-GNB carriage in ​​patients in the 
medium- and high-risk groups was nearly 6 times that 
of patients in the negligible- and low-risk groups. There-
fore, pre-emptive isolation of these groups (especially 
high-risk patients) is strongly recommended to decrease 
cross-transmission risk. The use of ASCs in ICUs appears 
to be highly cost-effective [39], but ASCs can also cause 
significant cost pressures; therefore, their use should 
be revisited and revised as needed, especially in low-
resource settings with a high CR-GNB burden [40]. The 
ICU-CARB scoring system can, to some extent, serve as a 
supplement to ASCs for selective screening and isolation. 

We recommend ASCs for all patients and preemp-
tive isolation of medium- and high-risk groups pending 
ASC results. Alternatively, in settings of low prevalence 
or where routine screening may not be feasible, ASCs 
or rapid molecular testing is suggested to be conducted 
selectively on patients who are identified as being at 
medium- or high-risk [41].

The strengths of this study include its prospective 
nature, different types of ICUs as study sites, the large 
number of samples, and demonstration of the wide appli-
cability of the ICU-CARB scoring system and its guid-
ing role in clinical practice. We are aware of limitations 
of this study as well. First, the potential discordance in 
ASCs and information collection between the facilities 
may affect the precision of proposed models, The risk 
score model needs further validation and recalibration in 
prospective studies for more widespread use. Second, we 
collected relatively few patients’ clinical characteristics 
to generalize the model across multiple centers; there-
fore, some missing special clinical features of patients 
and potential indication bias may affect the conclu-
sions. Third, we did not collect pathogenic bacteria uni-
formly for review at a central laboratory. In addition, the 
inability to collect CR-GNB strains also limited further 
microbiological analyses. Finally, we conducted exter-
nal validation in different types of ICUs in four tertiary 
hospitals. Future research should focus on more medical 
institutions, such as high-risk departments or ICUs in 
non-teaching hospitals.

Conclusion
In conclusion, we externally validated the ICU-CARB 
model by testing it on patient cohorts with different pop-
ulation characteristics. These analyses showed that the 
ICU-CARB scoring system performed similarly for the 
different cohorts and ICUs, supporting the generalizabil-
ity of the model to other ICU settings. Our model may 
help ICU physicians and health systems identify cases of 
CR-GNB carriage more expeditiously. The ICU-CARB 
score could therefore serve as a tool for implementing 
pre-emptive isolation of patients carrying CR-GNB.
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