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system to predict carbapenem-resistant
gram-negative bacteria carriage in critically ill
patients upon ICU admission
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Abstract

Background With the widespread spread of carbapenem-resistant gram-negative bacteria (CR-GNB) in medical
facilities, the carriage of CR-GNB among critically ill patients has become a significant concern in intensive care units
(ICU). This study aimed to develop a scoring system to identify CR-GNB carriers upon ICU admission.

Methods Consecutive critically ill patients admitted to the ICU of Shanghai Ruijin Hospital between January 2017
and December 2020 were included. The patients were then divided into training and testing datasets at a 7:3 ratio.
Parameters associated with CR-GNB carriage were identified using least absolute shrinkage and selection operator
regression analysis. Each parameter was assigned a numerical score ranging from 0 to 100 using logistic regression
analysis. Subsequently, a four-tier risk-level system was developed based on the cumulative scores, and assessed using
the area under the receiver operating characteristic curve (AUC).

Results Of the 1736 patients included in this study, the prevalence of CR-GNB carriage was 10.60%. The clinical
scoring system including seven variables (neurological disease, high-risk department history, length of stay > 14 days,
ICU history, invasive mechanical ventilation, gastrointestinal tube placement, and carbapenem usage) exhibited
promising predictive capabilities. Patients were then stratified using the scoring system, resulting in CR-GNB carriage
rates of 2.4%, 12.0%, 36.1%, and 57.9% at the respective risk levels (P<0.001). Furthermore, the AUC of the developed
model in the training set was calculated to be 0.82 (95% Cl, 0.78-0.86), while internal validation yielded an AUC of 0.83
(95% Cl,0.77-0.89).

Conclusions The ICU-CARB Score serves as a straightforward and precise tool that enables prompt evaluation
of the risk of CR-GNB carriage at the time of ICU admission, thereby facilitating the timely implementation of targeted
pre-emptive isolation.
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Precaution

Introduction

Carbapenem-resistant gram-negative bacteria (CR-
GNB), including carbapenem-resistant Enterobacte-
riaceae (CRE), carbapenem-resistant Acinetobacter
baumannii (CRAB), and carbapenem-resistant Pseu-
domonas aeruginosa (CRPA), have emerged as significant
global public health crisis [1]. Intensive care units (ICU)
are a hotspot for the emergence and spread of CR-GNB
owing to the complex ICU environment, critical patient
conditions, frequent invasive procedures, extensive anti-
biotic use, and inadequate staffing [2, 3]. The limited
treatment options and unfavourable outcomes associ-
ated with CR-GNB infections necessitate practical and
effective preventive strategies [4, 5]. Our previous study
demonstrated a substantial reduction in ICU-acquired
carbapenem-resistant Klebsiella pneumoniae (CRKP)
colonization/infection through comprehensive infec-
tion prevention and control (IPC) interventions [6-8].
According to the data from the China Antimicrobial
Resistance Surveillance System (CARSS) and China Anti-
microbial Surveillance Network (CHINET), the preva-
lence of CRKP has been showing an increasing trend
from 3.0 to 30.0%, and that for CRAB from 39.0 to 79.5%;
the percentage of CRPA ranged from 22.1 to 35.8% with
an average rate of 22.3% in CARSS [9]. Data from Shang-
hai and Ruijin hospital showed a similar distribution,
though a steady increase in CR-GNB carriage rates upon
ICU admission has been observed since 2013 [10]. There-
fore, early identification of CR-GNB carriers in the ICU
can facilitate the implementation of pre-emptive isola-
tion measures to prevent the transmission of CR-GNB
among patients [11].

Currently, the primary approach to prevent and con-
trol the spread of CR-GNB infection in our country
relies heavily on active surveillance culture (ASC) [12].
Guidelines recommend screening patients promptly
upon admission or following exposure to CR-GNB car-
riers, followed by regular screening [13]. However, ASC
requires traditional microbiological cultures and antibac-
terial susceptibility testing, leading to inevitable delays
(48-72 h) between sample collection and positive cul-
ture results. To avoid cross-transmission of CR-GNB
before the culture results, guidelines published in Europe
and the United States recommend immediate pre-emp-
tive isolation for known carriers of multidrug-resistant
(MDR) GNB or "high-risk" patients upon admission [14,
15]. Due to their fragile pathophysiology, ICU patients
often have multiple high-risk factors for MDR bacteria

at the same time. Comprehensive scoring systems are
used to combine various risk factors and translate them
into an easily interpretable risk assessment for individu-
als [16]. To optimise the use of medical resources and
establish scientific and standardised infection control
strategies, it is crucial to develop an accurate prediction
tool for CR-GNB carriers upon ICU admission [17]. This
may also provide a common reference for training pro-
grammes and stratified analyses of IPC strategies using
different techniques and approaches.

The aim of the present study was to identify the poten-
tial risk factors for CR-GNB carriage upon ICU admis-
sion and to develop a scoring system to facilitate the
prompt identification and implementation of effective
infection control measures in healthcare settings.

Methods

Study design and population

The characteristics and clinical information of consecu-
tive critical patients admitted to the ICU of Shanghai Rui-
jin Hospital between January 2017 and December 2020
were retrospectively collected. 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 informed consent was
waived owing to the retrospective nature of the study.

The exclusion criteria for participants were as follows:
(1) age < 18 years at the time of admission and (2) absence
of ASCs within 72 h of admission. A randomization pro-
cess was performed 20 times in R, each time creating a
split with an approximate 7:3 ratio to generate training
and validation datasets. We selected the first instance
where baseline balance was achieved (All baseline vari-
ables with P-values>0.05) to establish our final training
and validation datasets.

ASCs, including rectal swabs, oral pharyngeal swabs,
sputum samples, urine samples, and drainage cultures,
were routinely conducted within 72 h of ICU admission
to detect pathogen colonization/infection. CR-GNB car-
riage was defined as the detection of CR-GNB through
ASCs and clinical cultures either before ICU admission
or within 72 h after admission [18].

Data collection and definition

All relevant data including demographic, epidemiologi-
cal, clinical, biochemical, and microbiological features
were retrospectively extracted from the hospital’s elec-
tronic patient database. This included information on
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age, sex, comorbidities, prior hospitalisation, antibiotic
use, surgery, and invasive therapy.

Underlying medical conditions, including neuro-
logical disease, cerebrovascular disease, coronary
atherosclerotic heart disease, chronic cardiac dysfunc-
tion, chronic respiratory disease, cirrhosis, chronic
kidney disease, diabetes mellitus, immunosuppres-
sion, and malignant tumours, were thoroughly docu-
mented. High-risk department history is defined as,
patients with a hospitalisation history in the last 30 d
at a department where carbapenem-resistant patho-
gens was detected in the last quarter. Neurological
diseases include cerebral degeneration, Parkinson’s
disease, epilepsy, recurrent seizures, spinocerebellar
disease, cerebellar ataxia, spinal muscular atrophy, and
encephalopathy [19]. Immunosuppressed states were
considered as those involving chronic corticosteroid
use, immunosuppressive drug use, or human immu-
nodeficiency virus (HIV) infection. The clinical sever-
ity of these patients upon admission was assessed using
the Acute Physiology and Chronic Health Evaluation
(APACHE II) and Sequential Organ Failure Assessment
(SOFA) scores, calculated based on clinical and bio-
chemical indices. Invasive therapies, vasoactive medi-
cations, and antibiotic agents administered within the
first 24 h of admission, were recorded.

Microbiological procedures

Isolates were identified using matrix-assisted laser des-
orption ionisation-time of flight mass spectrometer
(bioMérieux, Marcy I'Etoile, France). Antimicrobial sus-
ceptibilities were determined in vitro using the VITEK 2
Compact system (bioMérieux) and disk-diffusion assays,
following the guidelines set by the Clinical and Labora-
tory Standards Institute (CLSI) [20]. Carbapenem resist-
ance was defined based on the CLSI interpretation,
indicated as isolates resistant to imipenem, merope-
nem, or ertapenem. CR-GNB included CRE, CRAB, and
CRPA.

Construction of the scoring system

In the variable selection step, the Least Absolute Shrink-
age and Selection Operator (LASSO) regression was
applied to the training set to select the most valuable var-
iables [21]. A nomogram for predicting CR-GNB carriage
was established based on the LASSO logistic regression
model. Each variable was distributed on the nomogram
according to its weight, to obtain different scores. A sim-
plified scoring system (ICU-CARB Score) was derived by
assigning scores to each covariate based on the relative
weight, to facilitate clinicians’ bedside interpretation.
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Validation and clinical utility

The scoring system was validated using two datasets:
training and validation sets. The discrimination of the
model was assessed using the receiver operating char-
acteristic (ROC) curve and area under the ROC curve
(AUC). Calibration plots were generated to assess the
calibration of the model, displaying apparent (actual),
bias-corrected (adjusted), and ideal (100% agreement)
curves with 1000 bootstrap resamples. The clinical utility
of the model was evaluated using decision curve analy-
sis (DCA), which quantifies the net benefits at different
threshold probabilities. To enhance the clinical utility
of the scoring system, the risk of CR-GNB carriage was
categorised into four levels (negligible, low, medium,
and high risk) by quartiles of the risk score. Pearson’s
contingency coefficient was used to measure the degree
of association between score levels and risk of CR-GNB
carriage, while the Cochran-Armitage test was used to
examine trends [22].

Statistical analysis

Statistical analyses were conducted using R statistical
software, version 4.2.1 (http://cran.r-project.org). Con-
tinuous variables with a normal distribution are pre-
sented as mean and standard deviation (SD) and analysed
using the Student’s t-test. Continuous variables with a
non-normal distribution are presented as median and
interquartile range (IQR), and the Mann—-Whitney U
test was used for between-group analysis. Categorical
variables are presented as frequencies (%) and analysed
using the chi-squared test or Fisher’s exact test. Two-
sided P-values below 0.05 were considered statistically
significant.

Results

Clinical characteristics of patients

A total of 1831 patients admitted to the ICU were ini-
tially identified for the study. After applying the exclusion
criteria (Fig. 1), a final analysis was conducted on 1736
adult patients (mean age 64.1+18.1 years, 724 women).
Among the 1736 patients, 1143 (65.8%) and 593 (34.2%)
were from the surgical and internal medicine depart-
ments, respectively. The occurrence of CR-GNB car-
riage upon ICU admission was 10.60% (184/1736) in the
overall dataset, patient demographics and clinical char-
acteristics stratified by CR-GNB carriage status are pre-
sented in Additional file 1: Table S1. Due to co-carriage
of CR-GNB, a total of 212 strains were detected from
184 patients (Additional file 1: Table S2). It was discov-
ered that Acinetobacter baumannii (38.7%) and Klebsiella
pneumoniae (38.7%) were the most common strains, fol-
lowed by Pseudomonas aeruginosa (13.7%), Escherichia
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All patients admitted to ICU
between 2017-2020 (N=1831)

Excluded (N=95)
Incomplete medical record data (N=73)

Age < 18 on admission (N=16)
Absence of active surveillance cultures (N=6)

Included study population (N=1736)
184 (10.6%) CR-GNB carriers

Training set (N=1215)
129 (10.6%) CR-GNB carriers

Validation set (N=521)
55 (10.6%) CR-GNB carriers

Fig. 1 Flow chart of study participants. CR-GNB carbapenem-resistant gram-negative bacterial

coli (6.7%), Proteus mirabilis (0.9%), Enterobacter cloa-
cae (0.5%), Citrobacter koseri (0.5%), and Serratia marc-
escens (0.5%). The lower respiratory tract (44.3%) is the
most common site of detection, followed by rectal swab
(21.7%), abdominal (13.2%), urine (7.1%), blood (4.7%),
throat swab (4.2%), chest (2.8%), pus (1.4%) and catheter
(0.5%).

Risk model development

The patients were randomly divided into training
(n=1215) and validation datasets (n=>521) at a ratio of
7:3. Additional file 1: Table S3 provides an overview of
the basic characteristics of the two datasets. No sig-
nificant differences were observed in any of the clinical
characteristics between the training and validation data-
sets (all P>0.05). Among all demographics, diseases, and
treatment features, 38 variables were initially considered.
Using the LASSO regression model, the variables in the
training dataset were reduced to the following seven sig-
nificant features: neurological disease, high-risk depart-
ment history, length of stay before ICU admission, ICU
history, invasive mechanical ventilation, gastrointestinal
tube placement, and carbapenem administration (Addi-
tional file 1: Figure S1). These seven features exhibited
non-zero coefficients in the LASSO regression model,
indicating their significance in predicting CR-GNB car-
riage. Based on the results of the LASSO logistic regres-
sion analysis, a nomogram model (Fig. 2) was developed
to predict CR-GNB carriage upon ICU admission.

Risk score development

The scores for all variables in the ICU-CARB scoring
system are presented in Table 1, and an online calcula-
tor (https://www.wjx.cn/vm/OMMYVN6.aspx) is avail-
able. The total risk score ranged from a minimum of 0
(lowest risk) to a maximum of 445 (highest risk), with the

corresponding predicted probabilities of CR-GNB car-
riage ranging from 0.00 to 82.11%.

Validation of risk score

Applying the risk score model to the training dataset
gave a good discrimination, with a C-statistic of 0.819
(95% CI, 0.781-0.857) (Fig. 3A). Also, the bootstrapping
internal validation yielded an average C-statistic of 0.828
(bias-corrected 95% CI, 0.766—0.890) (Fig. 3B). The ROC
(Fig. 3) and prevalence of CR-GNB carriage (Fig. 4A)
from both datasets were concordant.

The clinical applicability of the ICU-CARB Score was
assessed using DCA, as shown in Fig. 5. DCA dem-
onstrated that within a threshold probability range of
1%-59%, utilising our risk prediction nomogram for CR-
GNB carriage would yield a net benefit for patients.

Clinical implications of the scoring system

We arbitrarily categorised the risk scores into four levels
to enhance the clinical use of the scoring system. The four
possible categories, negligible (score 0-110), low (111-
220), medium (221-330), and high risk (331-450), are
shown in Additional file 1: Table S4. The observed inci-
dence of CR-GNB carriage (2.4%, 12.0%, 36.1%, 57.9%)
was consistent with the predicted incidences (3.0%,
11.0%, 34.0%, 64.0%) using ICU-CARB Score based on
the four risk allocations. As shown in Fig. 5, the risk score
was highly and positively associated with the risk of CR-
GNB carriage (Pearson’s contingency coefficient=0.342;
P for trend<0.001) in both the training and validation
datasets.

Discussion

To the best of our knowledge, this is the first study to
focus specifically on the predictive value of CR-GNB
carriage for ICU admission. Previous studies have
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Table 1 Risk scores for all predictors

ICU-CARB Score
Fig. 2 ICU-CARB Score for predicting carbapenem-resistant gram-negative bacterial carriage upon ICU admission. *A hospitalisation history
in the last 30 d at departments where carbapenem-resistant pathogens were detected in the last quarter. **ICU history in the past 60 days. ICU

Risk factors Score
Neurological disease

No 0
Yes 100
Transferred from high-risk department

No 0
Yes 95
Length of stay before ICU

> 14 days 0
<14 days 75
ICU history in 60 days

No 0
Yes 65
Invasive mechanical ventilation

No 0
Yes 45
Gastrointestinal tube

No 0
Yes 36
Carbapenem usage

No 0
Yes 29

ICU intensive care unit

highlighted the significance of high SOFA scores and
ICU admission as important factors associated with an
increased risk of CR-GNB isolation during hospitali-
zation [23]. Critically ill patients usually have multiple
chronic comorbidities and a higher risk of organ fail-
ure, rendering them more susceptible to infection with
MDR organisms. Therefore, standardised IPC strategy
is needed in the ICU to reduce MDR cross-transmission
[24]. Furthermore, the increasing incidence of imported
CR-GNB carriers upon ICU admission poses challenges
for IPC interventions, underscoring the need for proac-
tive efforts to prevent transmission [25]. Therefore, there
is an urgent need for improved methods to detect CR-
GNB earlier in ICU patients.

In our study, we evaluated a total of 38 variables and
identified key features that enhanced the usability of
the prediction model compared with previous studies.
We selected the following seven key features that were
relatively easy to obtain: neurological diseases (such as
cerebral degeneration, seizures, and spinocerebellar dis-
ease), transfer from departments or institutions with
carbapenem-resistant pathogen detection in the last
quarter, ICU history within the past 60 days, length of
stay exceeding 14 days prior to ICU admission, presence
of invasive mechanical ventilation, gastrointestinal tube
placement, and previous carbapenem administration.
The internal validation in our cohort revealed good dis-
crimination, calibration power, and a high C-index. DCA
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Fig. 3 The area under the receiver operating characteristic curve (AUC) values for the prediction of CR-GNB carriage upon ICU admission
in the training (A) and validation dataset (B); Calibration curve analysis in the training (C) and testing dataset (D). CR-GNB carbapenem-resistant
gram-negative bacterial ICU intensive care unit
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Fig. 4 A Increasing risk of CR-GNB carriage upon ICU admission with increasing risk score is evident in the training and validation sets. B The
observed incidence of CR-GNB carriage was nicely consistent with the predicted ones using ICU-CARB Score based on the data set. CR-GNB
carbapenem-resistant gram-negative bacterial; ICU intensive care unit
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and risk allocation demonstrated the potential for clinical
application.

Several clinical risk models have been developed for
predicting MDR bacterial isolation [26], but these stud-
ies often encompass a wide range of MDR-GNB without
specific predictive models or with a limited focus on ICU
patients [27-29]. Notably, our study specifically targeted
the risk factors for CR-GNB carriage upon ICU admis-
sion. For instance, Matthaios et al. identified five inde-
pendent risk factors for K. pneumoniae carbapenemase
(KPC)-producing K. pneumoniae (KPC-KP) enteric
colonisation upon ICU admission; however, the lack
of a predictive model limits its clinical use [30]. Mario
et al. developed a model for predicting KPC-KP strain
isolation during hospitalisation with an AUC curve of
0.82 (95% CI, 0.80 to 0.84) [31]. Zhang et al. developed
preprocedural scores for the risk of CR-GNB carriage
upon admission in the gastroenterology department
using seven factors. The C-statistic of this score of 0.857
slightly exceeded that of our nomogram [32]. There-
fore, we aimed to elucidate the extent of this problem in
departments and medical facilities prior to ICU admis-
sion. Previous research has highlighted three predictive
factors as important contributors to the development of
CR-GNB: history of carbapenem usage, prior ICU stay,
and prolonged duration of previous hospitalisation [30].
Consistent with the findings of other studies, these fac-
tors also emerged as influential in our study. Genomic
analysis revealed that the transmission rate of CRKP at
the facility level is associated with its prevalence [33].
Prior studies have explored the increased risk of subse-
quent KPC-KP isolation in wards classified as high risk,
with a 4.77 times higher risk reported [34]. Similarly,
in our study, by assessing the values obtained from the
nomogram, we found that previous hospitalisation his-
tory, prolonged length of stay, high-risk department his-
tory, and ICU history were the most important features
for predicting CR-GNB carriage [35].

Simple and easily accessible indicators, along with
an intuitive risk score, contribute to the timeliness of
IPC interventions and enhance the applicability of the
predictive model [36]. Although previous studies have
emphasised the importance of scores such as SOFA,
APACHE-II, and Pitt bacteraemia score (PBS) for predic-
tion [37], we deliberately excluded these features because
their inclusion provided negligible benefits to the pre-
dictive model. Excluding these scores did not hinder
the development of an accurate model, and the inclu-
sion of such as the APACHE II and SOFA scores, would
have made our model inconvenient for clinical use [38].
Instead, all the predictive factors we considered could
be readily obtained upon admission, enabling immedi-
ate identification of high-risk patients and facilitating the
timely implementation of appropriate pre-emptive isola-
tion measures.

Furthermore, we provided appropriate risk allocation
based on the ICU-CARB Score, enabling ICU physicians
to establish individually tailored procedures and deter-
mine the appropriate patient population for pre-emp-
tive isolation. Unlike previously published studies, we
provided an open data interface that is accessible to the
public, allowing for external validation of our model. The
quantitative score allows for different potential decision
thresholds, and we provided four risk groups—negligible,
low, medium, and high—to enable physicians to select
cut-off points that align with their specific needs. This
may facilitate the establishment of more tailored proce-
dures, including individualising the patients for pre-emp-
tive isolation.

The role of the ICU-CARB Score is to quickly identify
high-risk CR-GNB carriers, and physicians can dynami-
cally adjust IPC measures according to local conditions.
In our ward, different IPC measures were implemented
for patients at different risks: continuous ASC was per-
formed for all patients during ICU stay, contact isola-
tion was recommended for medium-risk patients, and
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pre-emptive isolation (single-room isolation if possible)
of the high-risk group. Routine active surveillance cul-
tures and widespread contact isolation requires more
labour and expense, which are not feasible during epi-
demics and resource shortages. Compared with car-
bapenem-susceptible cases, those with CRKP, CRPA,
and CRAB were associated with statistically signifi-
cantly increased total hospital cost ($14,252; 4605; 7277,
P<0.001) and excess LOS (13.2; 5.4; 15.8 d, P<0.001)
[39]. In terms of the economic evaluations of IPC, imple-
menting clinical best care practices was cost-efficient and
discontinuing IPC practices was not [40, 41]. Considering
possible increased costs, decisions on whether to simplify
ASCs can be made based on the prediction model and
local CR-GNB colonization pressure in areas with limited
resources. For negligible and low-risk groups, if the colo-
nization pressure of CR-GNB in the ward is low at that
time, the frequency of ASC can be appropriately reduced.
For medium and high-risk groups, performing ASC and
pre-emptive isolation may reduce the total hospital cost
and LOS in patients who ultimately receive additional
treatment for CR-GNB infections. These suggestions
remain to be verified by further research.

In addition to the internal validation, we are currently
conducting a multicentre prospective study to further
validate the ICU-CARB Score. To assist clinicians in
utilising this model, we developed a user-friendly web-
based tool that displays the risk of CR-GNB carriage
and the seven important features once the variables are
entered (https://www.wjx.cn/vm/OMMYVNG6.aspx).
These results may aid clinical decision-making and an
understanding of the patients’ condition, including the
implementation of appropriate pre-emptive isolation
strategies.

Despite these strengths, this study had several limita-
tions. First, there may have been selection bias inherent
in the retrospective design. Second, laboratory results,
such as neutropenia and C-reactive protein (CRP) lev-
els, were not included in the nomogram model owing to
the study design. Third, as this was a single-centre study,
there is a potential for selection bias regarding admitted
patients, which might limit the generalisability of our
findings. Future research should focus on the external
validation of the nomogram using data from multiple
centres to enhance its robustness and applicability.

Conclusion

The newly developed risk-scoring system represents a
straightforward and precise tool for early prediction of
CR-GNB carriage in patients upon ICU admission. The
ICU-CARB Score has potential for both clinical and
research applications. The clinicians can use this tool to
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evaluate the risk of CR-GNB carriage prior to obtain-
ing culture results, enabling them to promptly plan
and implement the most suitable pre-emptive isolation
measures.
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ICU Intensive care units

IPC Infection prevention and control

IQR Interquartile range

KPC-KP Klebsiella pneumoniae Carbapenemase producing K. pneumoniae
LASSO Least absolute shrinkage and selection operator
MDR-GNB  Multidrug-resistant gram-negative bacteria

PBS Pitt bacteraemia score

ROC Receiver operating characteristic

SD Standard deviation

SOFA Sequential organ failure assessment
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