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Objective: Carbapenem-resistant Klebsiella pneumoniae (CRKP) infections are
associated with poor patient outcomes. We aimed to analyze the clinical information of
adult patients with CRKP infection in order to establish a nomogram for mortality risk as
well as to determine the treatment effectiveness of different antimicrobial regimens.

Methods: Adult patients diagnosed with CRKP infection in a tertiary hospital in Shanghai
between September 2019 and March 2021 were included. The clinical characteristics and
clinical outcomes of these patients were analyzed.

Results: A total of 199 cases of CRKP infection were examined. Five factors, namely age
≥65 years, respiratory failure, Sequential Organ Failure Assessment score, serum
procalcitonin ≥5 ng/mL, and appropriate treatments in 3 days, were found to be
associated with 30-day mortality. Upon incorporating these factors, the nomogram
achieved good concordance indexes of 0.85 (95% confidence interval [CI]: 0.80–0.90)
and well-fitted calibration curves. Receiver-operating characteristic curves for 7-, 15-, and
30-day survival had areas under the curve of 0.90, 0.87, and 0.88, respectively. Three-
drug combination therapy was observed to be associated with lower mortality in the high-
risk group (adjusted hazard ratio = 0.24, 95% CI: 0.06–0.99) but not in the low-risk group.
Ceftazidime–avibactam, fosfomycin, and amikacin were effective against infections
caused by CRKP. Tigecycline improved the treatment efficiency in 7 days, but a trend
toward increased mortality was seen (HR, 1.69; 95% CI: 0.98–2.94; P = 0.061).

Conclusion: The antimicrobial regimen efficacy data and the predictive nomogram
established in this study can help clinicians in identifying high-risk adult patients with
CRKP infection, improving the therapeutic effect, and reducing mortality.

Keywords: carbapenem-resistant, Klebsiella pneumoniae, infection, nomogram, mortality
INTRODUCTION

Klebsiella pneumoniae (KP) is one of the most common pathogens associated with nosocomial
infections such as pneumonia, urinary tract infections, bloodstream infections, and sepsis
(Bengoechea and Sa Pessoa, 2019; Rodrıǵuez-Medina et al., 2019). Carbapenem-resistant KP
(CRKP) infections are increasing globally (Munoz-Price et al., 2013; Brink, 2019), and in China,
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the detection rate of CRKP increased significantly from
9.2% in 2010 to 27.1% in 2021 (http://www.chinets.com/
Data/GermYear).

CRKP infections have emerged as an important public health
threat over the past decade in China owing to the limited treatment
options and unsatisfactory outcomes (Durante-Mangoni et al.,
2019; Tsioutis et al., 2021). Existing antibiotics such as
tigecyclines, polymyxins, fosfomycin, and aminoglycosides are the
currently available therapeutic options for CRKP infections, while
ceftazidime–avibactam is a newly developed antibiotic (Tilahun
et al., 2021). Moreover, studies have indicated that combination
therapies are often more effective than monotherapies (Pournaras
et al., 2011; Tumbarello et al., 2012; Falcone et al., 2016), but their
use must be balanced against possible disadvantages such as
superinfection, increased incidence of adverse effects, and high
cost (Agyeman et al., 2020a).

Therefore, a comprehensive understanding of the clinical
features, risk factors, and outcomes of patients with CRKP
infection are important. Also, there is an urgent need to
establish a scoring system for predicting mortality to assess the
severity of the illness and the risk of mortality.

In the present retrospective cohort study, we analyzed the
clinical information of adult patients with CRKP infection. Based
on the Cox proportional regression, we established a practical
and operable nomogram scoring system to help clinicians
evaluate the prognosis. We also examined the impact of
different antimicrobial regimens on the prognosis to enhance
therapeutic efficiency.
PATIENTS AND METHODS

Study Design
The present retrospective study was conducted in a 2600-bed
tertiary-care hospital in Shanghai, China from September 2019
to March 2021. Patients ≥18 years who were infected with CRKP
were included in this study. Patients with CRKP colonization
(with positive CRKP cultures but without any clinical signs of
infection), on an end-of-life care pathway, or those who were
discharged within 2 days of detection of CRKP were excluded
from the study. The study protocol has been approved by the
Ethics Committee of XinHua Hospital Affiliated with Shanghai
Jiao Tong University School of Medicine (XHEC-D-2021-130).
The provision of informed consent from the study participants
was waived off.

Data Collection
We reviewed and extracted data from the patients’ electronic
medical records and charts into the data collection form. Patient
demographics, baseline diseases, comorbidities, and clinical and
microbiological data of the infection, as well as therapeutic
procedures, are undertaken, were collected for analyses.

Definitions
The baseline diseases, comorbidities, and clinical status of the
infection in the study participants were evaluated on the day of
CRKP detection. Respiratory failure was defined as a PaO2/FiO2
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
<200 while breathing spontaneously and/or the need for
mechanical ventilation. Immunosuppression referred to the
receipt of corticosteroids (≥10 mg or an equivalent daily
dosage) for >2 weeks or antineoplastic chemotherapy within
the past 4 weeks. Appropriate therapy in 3 days referred to the
therapy with at least one drug to which the CRKP was susceptible
in vitro and initiated before or within 72 h after the antibiogram
results were reported to the clinicians and continued for at least
48 h to allow the therapeutic agents to take effect. The number of
anti-KP drugs referred to the number of antibiotics intended to
be used against CRKP, which were administered at the same time
within 7 days after CRKP detection. All laboratory variables from
the blood were obtained on the day of CRKP detection (the
procalcitonin results of the next day were also included).

Antimicrobial Susceptibility Testing
All CRKP isolates were identified by matrix-assisted laser
desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS; Bruker Daltonics, Germany), while the
minimum inhibitory concentrations (MICs) of antibiotics were
determined using the Vitek 2 system and the AST-GN card
(bioMérieux, France). The Kirby–Bauer disk diffusion method
was employed as a supplementary susceptibility test.
Carbapenem resistance of CRKP was defined as a minimum
inhibitory concentration of ≥4 mg/mL for meropenem/imipenem
or ≥2 mg/mL for ertapenem with reference to the CLSI criteria
(Clinical and Laboratory Standards Institute, 2021).

Outcome Measurements
The primary outcome was the time to all-cause death up to 30
days from CRKP detection. The secondary outcome was the
effect of treatment on CRKP infection, which was defined as
effective (cure or improvement in the infection status) or
noneffective (stable or deterioration of infection) within 7 and
15 days, based on the clinical, radiological, and laboratory
findings. The cost incurred in administering the antimicrobial
agents was also analyzed in the 30-day surviving patients.

Statistical Analyses
All analyses were performed using R version 4.1.0 (The R
Foundation, Vienna, Austria). Categorical variables were
presented as numbers and percentages, whereas the continuous
variables were presented as mean ± standard deviation or
medians (interquartile range [IQR]). Categorical variables were
tested with the Chi-squared test or Fisher’s exact test, as deemed
appropriate. Continuous variables with a normal distribution
were compared using Student’s t-test or Mann–Whitney U-test.
P < 0.05 was considered to indicate statistical significance, and all
tests performed were two-tailed.

Risk factors were identified by univariable and multivariable
Cox regression analyses for predicting mortality. The best subset
selection based on the minimal Bayesian information criterion
(BIC) was performed using the leaps package in R. Hazard ratio
(HR) and 95% confidence intervals (CIs) were calculated to
evaluate the strength of any association, and Kaplan–Meier
(KM) survival curves were generated with log-rank test
analysis. The nomogram was constructed using the rms
January 2022 | Volume 11 | Article 818308
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package in R software. All patients were classified into either
high-risk or low-risk groups based on the cut-off point obtained
using the survminer package in R software.

The predictive performance of the nomogram was evaluated
based on the discriminating ability and calibration results
(Steyerberg and Vergouwe, 2014). Discrimination was assessed
through the concordance index (C-index) and time-dependent
receiver operating characteristic (ROC) curves using the
timeROC package in R software. The model was validated
using bootstrapped resampling, and the calibration curves for
7, 15, and 30 days were applied using 1000 repeated samples to
evaluate the consistency of model prediction. The clinical
usefulness was examined based on the net benefit by decision
curve analysis (DCA) using the ggDCA package in R software.

In order to evaluate the clinical effect of antimicrobial agents
in 7, 15 days, multivariate logistic regression analysis was applied
to estimate the adjusted odds ratio (aOR) and 95% CI. Univariate
analyses were performed to determine the predictors of the high
treatment cost of antimicrobial agents or all medications during
hospitalization. Factors showing correlations (P < 0.1) with a
high cost, after evaluating for collinearity, were further analyzed
by multiple logistic regression using a backward stepwise
selection with the Akaike information criterion (AIC).
RESULTS

Characteristics of Patients With CRKP
From September 2019 to March 2021, a total of 199 adult
patients identified with CRKP infection were enrolled in this
study. There were 191 patients for whom 30-day survival data
were available; their median age was 71 years (IQR 61–81 years),
and 142 (74.3%) of them were men. The demographic details,
clinical characteristics, and treatment regimens are shown in
Table 1. The 7-, 15-, and 30-day mortality rates were 13.6% (26/
191), 22.0% (42/191), and 26.7% (51/191), respectively.

The Mortality Risk Prediction Model and
Nomogram
Variables with P values < 0.1 in univariate Cox regression
analyses and other important clinical variables were included
in the multivariate analysis (Table 2). Multivariate Cox analysis
identified five variables for the final model. The KM curves were
plotted for the five variables (Figure 1). Among them, presence
of respiratory failure (HR, 2.67; 95% CI: 1.44–4.97; P = 0.002),
higher Sequential Organ Failure Assessment score (HR per one-
point increment, 1.36; 95% CI: 1.22–1.51; P < 0.001),
procalcitonin (PCT) > 5 ng/mL (HR, 3.54; 95% CI: 1.82–6.86;
P < 0.001), and appropriate treatments in 3 days (HR, 0.33; 95%
CI, 0.17–0.63; P < 0.001) were the independent factors for fatal
outcomes. The above independent factors, along with age > 65
years (HR, 2.03; 95% CI: 0.83–4.98; P < 0.121), were used to
establish the nomograms to predict the mortality in the patients
with CRKP (Figure 2).

The C-index for the established nomogram was 0.85 (95% CI:
0.80–0.90). Calibration plots and ROC curves were drawn to
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
validate the predictive accuracy of the nomogram (Figures 3A,
B). The 7-, 15-, and 30-day survival ROC results had areas under
the curve of 0.90 (95% CI: 0.83–0.97), 0.87 (95% CI: 0.82–0.93),
and 0.88 (95% CI: 0.83–0.93), respectively, which suggested a good
concordance and a reliable ability. The decision curve
demonstrated superior net benefit when the nomogram was
used to compare the alternative approaches (Figure 3C).

Based on the optional cut-off value of the nomogram points,
risk stratification was done and the patients were divided into two
risk groups, namely the low-risk group (total points <83) and
high-risk group (total points ≥83). The KM survival curves
revealed high discrimination between the two groups (Figure 4A).

Antibiotic Therapy and Its Effectiveness
We continued to analyze the impact of different antimicrobial
regimens on the prognosis. We found that 116 (60.7%) patients
received appropriate antibiotic treatment within 72 h after CRKP
infection diagnosis, which was an independent risk factor in the
multivariate Cox regression analysis. The combination of drugs
was also important for the treatment of CRKP infection. The KM
survival analysis favored the three-drug combination therapy
(P = 0.034, Figure 1).

Moreover, stratification analysis was performed according to
the nomogram points. As shown in Figure 4B, the results
indicated that the benefit of the three-drug combination
therapy was more pronounced in the high-risk group [adjusted
hazard ratio (aHR) = 0.24, 95% CI: 0.06–0.99] after adjusting for
the confounding factors. A similar result was obtained in the
stratification analysis based on SOFA scores (SOFA<5 and SOFA
≥5), as shown in Supplementary Figure S1. Among the 51
patients who received three-drug combination treatment, the
most common combinations were tigecycline + fosfomycin +
carbapenems and b-lactam/b-lactamase inhibitors (n = 9, n =
5, respectively).

The 7- and 15-day treatment effectiveness were used as
outcome indicators to analyze the effect of specific
antimicrobial agents to reduce the impact of non-infectious
factors on mortality. As shown in Figure 5, the use of
ceftazidime-avibactam significantly improved the 7- and 15-
day treatment effectiveness. The use of tigecycline also showed
a statistical advantage in 7 days, while the use of polymyxin B did
not exhibit a statistical advantage. The use of aminoglycosides
and fosfomycin could improve the outcomes, possibly because of
the sensitivity of CRKP to these drugs.

Predictors of the High Cost of
Antimicrobial Agents
Univariate and multiple analyses were conducted on data
obtained from 140 patients whose survival time was >30 days
to identify the predictors associated with the high cost of the
antimicrobial agents (Table 3). High cost was defined as USD 4
300 (the median cost of antimicrobial agents of the surviving
cohort). Male gender (odds ratio [OR], 3.73; 95% CI: 1.37–11.36;
P = 0.014), high SOFA score (one-point increments, OR, 1.30;
95% CI: 1.08–1.61; P = 0.010), use of ceftazidime–avibactam
(OR, 10.62; 95% CI: 1.70–207.22; P = 0.033), and use of
January 2022 | Volume 11 | Article 818308
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TABLE 1 | Characteristics of patients with carbapenem-resistant Klebsiella pneumoniae infections.

Characteristic All patients n = 191 30-day non-survivors n = 51 (26.7%) 30-day survivors n = 140 (73.3%) P value

Patient variables
Male sex, n (%) 142 (74.3) 37 (72.5) 105 (75.0) 0.732
Age, y, median (IQR) 71 (61, 81) 76 (65, 85) 68 (60.75, 78) 0.001
Baseline disease or comorbidity, n (%)
Diabetes mellitus 58 (30.4) 14 (27.5) 44 (31.4) 0.597
Cardiovascular disease 122 (63.9) 30 (58.8) 92 (65.7) 0.381
Cerebrovascular disease 98 (51.3) 19 (37.3) 79 (56.4) 0.020
Renal disease 47 (24.6) 17 (33.3) 30 (21.4) 0.094
Hematological Disease 14 (7.3) 2 (3.9) 12 (8.6) 0.360
Digestive diseases 58 (30.4) 18 (35.3) 40 (28.6) 0.372
Malignant solid tumor 34 (17.8) 12 (23.5) 22 (15.7) 0.215
Surgery within the previous 30 days 131 (68.6) 33 (64.7) 98 (70.0) 0.486
Immunosuppressant use 169 (88.5) 47 (92.2) 122 (87.1) 0.342
ICU 162 (84.8) 44 (86.3) 118 (84.3) 0.735
Clinical status, n (%)
Respiratory failure 49 (25.7) 24 (47.1) 25 (17.9) <0.001
Heart failure 44 (23.0) 16 (31.4) 28 (20.0) 0.101
MODS 16 (8.4) 12 (23.5) 4 (2.9) <0.001
SOFA score, median (IQR) 3 (3, 5.5) 5 (3, 8) 3 (2, 5) <0.001
Invasive procedure and/or devices, n (%)
Central venous catheterization 181 (94.8) 51 (100) 130 (92.9) 0.989
Urinary catheterization 167 (87.4) 47 (92.2) 120 (85.7) 0.242
Gastric catheterization 165 (86.4) 45 (88.2) 120 (85.7) 0.654
CRRT 18 (9.4) 9 (17.6) 9 (6.4) 0.024
Type of infections, n (%)
Catheter-related infection 7 (3.7) 1 (2.0) 6 (4.3) 0.677
Pneumonia 120 (62.8) 35 (68.6) 85 (60.7) 0.318
Intra-abdominal infection 15 (7.9) 3 (5.9) 12 (8.6) 0.763
Urinary tract infection 27 (14.1) 6 (11.8) 21 (15.0) 0.571
Gastrointestinal infection 3 (1.6) 1 (2.0) 2 (1.4) 1
Primary bloodstream infection 18 (9.4) 5 (9.8) 13 (9.3) 1
Skin and soft-tissue infection 4 (2.1) 0 (0) 4 (2.9) 1
CNS infection 1 (0.5) 0 (0) 1 (0.7) 1
Laboratory variables from blood, Mean ± SD
WBC, × 109/L 11.20 ± 5.78 12.61 ± 6.46 10.68 ± 5.44 0.045
ANC, × 109/L 9.35 ± 5.22 10.63 ± 5.56 8.88 ± 5.02 0.044
Lymphocyte, × 109/L 9.46 ± 6.95 7.71 ± 6.2 10.10 ± 7.11 0.040
Hemoglobin, g/L 95 ± 21 90 ± 20 97 ± 22 0.046
Platelet, × 109/L 216 ± 134 162 ± 122 235 ± 134 0.001
CRP, mg/L 85 ± 59 101 ± 58 79 ± 58 0.028
PCT, ng/mL 2.70 ± 8.91 6.89 ± 16.31 1.22 ± 2.62 0.001
Albumin, g/L 32.3 ± 5.5 30.1 ± 6.3 33.1 ± 4.9 0.001
Antimicrobial regimensa, n (%)
Carbapenems 92 (48.2) 28 (54.9) 64 (45.7) 0.262
BL-BLIb 63 (33.0) 20 (39.2) 43 (30.7) 0.270
Broad spectrum b-lactams 12 (6.3) 0 (0) 12 (8.6) 0.038
Ceftazidime-avibactam 12 (6.3) 0 (0) 12 (8.6) 0.038
Tigecycline 69 (36.1) 24 (47.1) 45 (32.1) 0.059
Polymyxin B 12 (6.3) 3 (5.9) 9 (6.4) 1
Aminoglycosides 36 (18.8) 4 (7.8) 32 (22.9) 0.021
Fosfomycin 47 (24.6) 6 (11.8) 41 (29.3) 0.013
Fluoroquinolones 13 (6.8) 2 (3.9) 11 (7.9) 0.519
Othersc 32 (16.8) 6 (11.8) 26 (18.6) 0.269
Number of anti-KP drugs, n (%) 0.022
1 47 (24.6) 17 (33.3) 30 (21.4)
2 93 (48.7) 26 (51.0) 67 (47.9)
3 51 (26.7) 8 (15.7) 43 (30.7)
Appropriate treatments in 3 days, n (%) 116 (60.7) 23 (45.1) 93 (66.4) 0.008
Outcomes of infectiond

Effective in 7 days, n (%) 78 (41.1) 12 (23.5) 66 (47.5) 0.004
Effective in 15 days, n (%) 127 (66.5) 15 (29.4) 112 (80.6) <0.001
Cost of antimicrobial agentse, USD 7697 ± 10516 5648 ± 6830 8459 ± 11521 0.112
Cost of medicationse, USD 16297 ± 17920 15048 ± 14072 16762 ± 19181 0.560
Frontiers in Cellular and Infection Microbiology | ww
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aAntimicrobial regimens referred to the antibiotics intended to be used against CRKP administered at the same time within 7 days after CRKP was detected.
bb-lactam/b-lactamase inhibitors (BL-BLI) included cefoperazone-sulbactam and piperacillin-tazobactam.
cOther drugs included tetracyclines and sulfamethoxazole-trimethoprim.
dThe outcomes of infection were defined as effective (cure or improvement) or noneffective treatment (stable or deterioration) according to clinical, radiological, and laboratory findings.
eUSD1 = CNY6.5 in year 2021.
IQR, interquartile range; ICU, intensive care unit; MODS, multiple organ dysfunction syndrome; SOFA, Sequential Organ Failure Assessment; CRRT, continuous renal replacement therapy;
CNS, central nervous system; WBC, white blood count; ANC, absolute neutrophil count; CRP, c-reactive protein; PCT, procalcitonin; KP, Klebsiella pneumonia.
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tigecycline (OR, 8.37; 95% CI: 3.47–22.25; P < 0.001) were the
independent predictors of the high cost of the antimicrobial
agents. Our analysis on the cost of all medications also revealed
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
that male gender, use of ceftazidime–avibactam, and use of
tigecycline were the independent predictors (Supplementary
Table S1).
TABLE 2 | Univariate and multivariate Cox regression analysis of risk factors for 30-day mortality.

Variable Univariate analysis Multivariate analysis

HRa 95%CI for HR P value HR 95%CI for HR P value

Sex, male vs female 0.88 0.48-1.64 0.700
Age, y, ≥65 vs <65 2.01 1.03-3.92 0.040 2.03 0.83-4.98 0.121
Respiratory failure 3.24 1.87-5.63 <0.001 2.67 1.44-4.97 0.002
Heart failure 1.57 0.87-2.84 0.133
MODS 5.54 2.89-10.63 <0.001
SOFA, 1-point increments 1.28 1.17-1.40 <0.001 1.36 1.22-1.51 <0.001
WBC, × 109/L

4-10 vs <4 0.29 0.10-0.82 0.020
≥10 vs <4 0.64 0.25-1.65 0.358

Hemoglobin, g/L, <80 vs ≥80 1.96 1.13-3.41 0.017
Platelet, × 109/L, <100 vs ≥100 3.11 1.76-5.49 <0.001
CRP, mg/L, ≥150 vs <150 1.88 1.04-3.39 0.036
PCT, ng/mL, ≥5 vs <5 4.59 2.39-8.83 <0.001 3.54 1.82-6.86 <0.001
Albumin, g/L, <30 vs ≥30 4.1 2.30-7.31 <0.001
Tigecycline 1.69 0.98-2.94 0.061
Aminoglycosides 0.32 0.12-0.89 0.029
Fosfomycin 0.36 0.15-0.84 0.018
Number of anti-KP drugs

2 vs 1 0.76 0.41-1.41 0.389
3 vs 1 0.38 0.16-0.88 0.024

Appropriate treatments in 3 days 0.48 0.27-0.83 0.008 0.33 0.17-0.63 <0.001
January
 2022 | Volume 11 | Article
aHRs were calculated comparing with comorbidity and without comorbidity.
CI, confidence interval; HR, hazard ratio; MODA, multiple organ dysfunction syndrome; SOFA, Sequential Organ Failure Assessment; WBC, white blood count; CRP, c-reactive protein;
PCT, procalcitonin; KP, Klebsiella pneumonia.
A B

D E F

C

FIGURE 1 | Kaplan–Meier survival plots of Sequential Organ Failure Assessment score (A), age (B), respiratory failure (C), procalcitonin (D), appropriate treatments
in 3 days (E), and number of anti-KP drugs (F), with log-rank test. SOFA, Sequential Organ Failure Assessment; PCT, procalcitonin KP, Klebsiella pneumoniae.
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FIGURE 2 | A predictive nomogram for predicting 7-, 15-, and 30-day mortality in patients with carbapenem-resistant K. pneumoniae infection. SOFA, Sequential
Organ Failure Assessment.
A

B

C

FIGURE 3 | Calibration curves for the nomogram predicting 7-, 15-, and 30-day mortality (A). AUC of time-dependent receiver operating characteristics (ROC)
curves for predicting 7-, 15-, and 30-day survival (B). Decision curve analysis for the 7-, 15-, 30-day survival nomogram (C). CI, confidence interval.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org January 2022 | Volume 11 | Article 8183086
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DISCUSSION

The nomogram is a simple and practical clinical system through
which critically ill patients can be identified and provided with
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
intensive medical intervention at the earliest to reduce mortality
(Park, 2018). Based on multivariable Cox regression analyses, we
established for the first time a mortality risk predictive
nomogram for patients with CRKP infection. The variables
A

B

FIGURE 4 | Kaplan–Meier survival plots of risk stratification according to the nomogram total points (A). Kaplan–Meier survival plots for the number of anti- Klebsiella
pneumoniae drugs associated with risk stratification were shown (B), and adjusted hazard risk ratios (aHR) with 95% confidence intervals (CI) were estimated using
the Cox regression analysis adjusted for age, sex, comorbidities, clinical status, and site of infection as potential confounders.
January 2022 | Volume 11 | Article 818308
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selected were a respiratory failure (a serious condition that could
lead to death) and SOFA score (a simple and valuable organ-
injury score to assess the severity of the acute illness and to
predict the mortality in critically ill patients) (Seymour et al.,
2016; Raith et al., 2017). The nomogram also included
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
procalcitonin, which is an established marker for severe
systemic bacterial infection and sepsis (Wacker et al., 2013;
Rhee, 2017). Older age, which is a well-known predictor of
outcome, was also included (Rowe and McKoy, 2017).
Furthermore, we included the administration of active therapy
A

B

FIGURE 5 | Results of logistic analysis of the associations between the antimicrobial agents and treatment effectiveness in 7 days (A) and 15 days (B) were shown,
and adjusted odds ratio (aOR) with 95% confidence interval (CI) were adjusted for age, sex, comorbidities, clinical status, and site of infection as potential
confounders. aFisher’s exact test was used to evaluate associations for “zero” frequency was present. bOther drugs included tetracyclines and sulfamethoxazole-
trimethoprim. BL-BLI, b-lactam/b-lactamase inhibitors (cefoperazone-sulbactam and piperacillin-tazobactam); KP, Klebsiella pneumoniae.
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within 72 h of assessment as a predictive variable; the
performance of the model improved substantially after the
inclusion of this variable.

A prominent advantage of our nomogram is that all variables
can be obtained through routine examinations. They should be
assessed on the assessment day, which is the day on which the
first positive microbiology report is obtained. Therefore, the
nomogram helps identify the patients at high risk and in
making decisions on the management. The C-index of the
prognostic nomogram was 0.85, which displayed a high value
for predicting fatal outcomes. The calibration plots exhibited fair
concordance between the nomogram predictions and the actual
observations for 7-, 15-, and 30-day overall survival. These
results strongly support the usefulness of the nomogram in
patients with CRKP infection.

Previous studies have established that combination therapy
provides a significant survival benefit against CRKP infection
(Qureshi et al., 2012; Tumbarello et al., 2012; Daikos et al., 2014).
A few studies directly analyzed the benefits of three-drug
combination therapy in clinical outcomes, and two recent
systematic reviews of the literature concluded that there were
no significant differences in the likelihood of mortality between
those treated with 2- and ≥3-drug combination regimens
(Agyeman et al., 2020a; Agyeman et al., 2020b). The
nomogram-based risk stratification performed in our study
suggested that the three-drug combination regimen was
beneficial in improving the outcomes in high-risk patients.
However, our findings did not support the use of a three-drug
combination regimen as it did not seem to be more effective than
monotherapy in the low-risk group. The cost analysis also
signified that multidrug combinations significantly increased
the cost of antimicrobial agents and total medications. Hence,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
nomogram-based clinical decisions resulted in not only survival
gains but also financial gains.

Since mortality is also influenced by other factors such as
underlying diseases (apart from infectious factors), we used
treatment efficiency as an outcome indicator to assess the efficacy of
antimicrobial drugs. The results showed that ceftazidime–avibactam,
fosfomycin, and amikacin were effective against infections caused by
CRKP,which is consistentwith the survival analysis and thefindingsof
our previous study (Yao et al., 2021). This observation suggests that in
cases where CRKP is sensitive to these drugs, their use should be
prioritized (Shirley, 2018; Erturk Sengel et al., 2020).However, in some
cases, the detected strains were only sensitive to polymyxin B and
tigecycline; hence, regimens based on these drugs could be considered
(Rafailidis and Falagas, 2014; Tilahun et al., 2021; Tompkins and van
Duin, 2021). Tigecycline is recommended as an option for the
treatment of multiple drug-resistant bacterial infections; nonetheless,
its efficacy remainscontroversial (Yahavetal., 2011;Niet al., 2016;Xiao
et al., 2018). The results of our study indicated that tigecycline
improved treatment efficiency, but survival analysis showed an
increase in mortality, albeit the difference was not statistically
significant (HR, 1.69; 95% CI: 0.98–2.94; P = 0.061) and there was a
trend of higher mortality rates after adjusting for the confounding
factors (HR, 1.58; 95%CI: 0.84–2.98; P = 0.154). Polymyxin B did not
show an advantage against CRKP, and the statistical power might be
weakbecause therewasonlya relatively small proportionofpolymyxin
B used in our study population. Finally, cost analysis implied that the
use of ceftazidime–avibactam or tigecycline exacerbates the cost of
medications because of the high price of these drugs in China. Overall,
the results suggested that CRKP infections, especially those caused by
drug-resistant strains, continue to be a clinical therapeutic challenge,
Therefore, there is a tremendous need for the development of effective
and safe drugs.
TABLE 3 | Factors associated with high cost of antimicrobial agentsa.

Univariate analysisb Low cost n = 70 High costc n = 70 P value OR (95%CI)

Male sex, n (%) 46 (65.7) 59 (84.3) 0.013
SOFA score, median (IQR) 3 (2, 3) 3 (3, 6) 0.002
Primary bloodstream infection, n (%) 3 (4.3) 10 (14.3) 0.054
Platelet, × 109/L 260.23 ± 132.52 210.24 ± 130.93 0.030
Antimicrobial regimensd, n (%)
Carbapenems 27 (38.6) 37 (52.9) 0.091
BL-BLIe 28 (40.0) 15 (21.4) 0.019
Broad spectrum b-lactams 9 (12.9) 3 (4.3) 0.070
Ceftazidime-avibactam 1 (1.4) 11 (15.7) 0.003
Tigecycline 9 (12.9) 36 (51.4) <0.001
Polymyxin B 0 (0) 9 (12.9) 0.003
Number of anti-KP drugs, median (IQR) 2 (1, 2.75) 2 (2, 3) 0.005
Appropriate treatments in 3 days, n (%) 36 (51.4) 57 (81.4) <0.001
Multiple logistic regression analysis
Male sex 0.014 3.73 (1.37 - 11.36)
SOFA, 1-point increments 0.010 1.30 (1.08 - 1.61)
Ceftazidime-avibactam 0.033 10.62 (1.70 - 207.22)
Tigecycline <0.001 8.37 (3.47 - 22.25)
January 2022 | Volum
aCost of antimicrobial agents of 30-day surviving patients during hospitalization were analyzed (USD1 = CNY6.5 in year 2021).
bFactors correlating with cost with P < 0.10.
cHigh cost was defined as ≥ USD 4 300; low cost was defined as < USD 4 300.
dAntimicrobial regimens referred to the antibiotics intended to be used against CRKP administered at the same time within 7 days after CRKP was detected.
eb-lactam/b-lactamase inhibitors (BL-BLI) included cefoperazone-sulbactam and piperacillin-tazobactam.
IQR, interquartile range; OR, odds ratio; CI, confidence interval; SOFA, Sequential Organ Failure Assessment; KP, Klebsiella pneumonia.
e 11 | Article 818308

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Chen et al. Prediction of Prognosis in CRKP
Our study has some limitations. First, it was a single-center,
retrospective study. Thus, several variables with potential effects
might have influenced the results. However, multivariate analysis
was performed to control for such confounders. Second, a small
proportion of patients in our study received relatively new
antibiotics such as ceftazidime–avibactam. Finally, molecular
analysis for the confirmation of genes encoding carbapenemase
production was not performed.
CONCLUSION

In conclusion, the risk factors for 30-day mortality among adult
patients with CRKP infection were established to be the presence
of respiratory failure, high SOFA score, PCT > 5 ng/mL, age >65
years, and non-appropriate treatments in 3 days. The nomogram
to predict mortality was built based on the risk factors, and it
showed good performance in terms of calibration discrimination
and clinical utility. Therefore, the nomogram can be used to
identify high-risk patients with CRKP infection. Three-drug
combination therapy was observed to be associated with lower
mortality in the high-risk patients but not in the low-risk group.
Furthermore, combination therapy significantly increased the
cost of antimicrobial agents and total medications. Prospective
studies should be performed in the future to validate the
predictive value of this model.
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Rodrıǵuez-Medina, N., Barrios-Camacho, H., Duran-Bedolla, J., and Garza-
Ramos, U. (2019). Klebsiella variicola: An Emerging Pathogen in Humans.
Emerg. Microbes Infect. 8, 973–988. doi: 10.1080/22221751.2019.1634981

Rowe, T. A., and McKoy, J. M. (2017). Sepsis in Older Adults. Infect. Dis. Clin.
North Am. 31, 731–742. doi: 10.1016/j.idc.2017.07.010

Seymour, C. W., Liu, V. X., Iwashyna, T. J., Brunkhorst, F. M., Rea, T. D., Scherag,
A., et al. (2016). Assessment of Clinical Criteria for Sepsis: For the Third
International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3).
JAMA 315, 762–774. doi: 10.1001/jama.2016.0288

Shirley, M. (2018). Ceftazidime-Avibactam: A Review in the Treatment of Serious
Gram-Negative Bacterial Infections. Drugs 78, 675–692. doi: 10.1007/s40265-
018-0902-x

Steyerberg, E. W., and Vergouwe, Y. (2014). Towards Better Clinical Prediction
Models: Seven Steps for Development and An ABCD for Validation. Eur.
Heart J. 35, 1925–1931. doi: 10.1093/eurheartj/ehu207

Tilahun, M., Kassa, Y., Gedefie, A., and Ashagire, M. (2021). Emerging
Carbapenem-Resistant Enterobacteriaceae Infection, Its Epidemiology and
Novel Treatment Options: A Review. Infect. Drug Resist. 14, 4363–4374.
doi: 10.2147/IDR.S337611

Tompkins, K., and van Duin, D. (2021). Treatment for Carbapenem-Resistant
Enterobacterales Infections: Recent Advances and Future Directions. Eur. J.
Clin. Microbiol. Infect. Dis. 40, 2053–2068. doi: 10.1007/s10096-021-04296-1

Tsioutis, C., Eichel, V. M., and Mutters, N. T. (2021). Transmission of Klebsiella
pneumoniae Carbapenemase (KPC)-Producing Klebsiella pneumoniae: The
Role of Infection Control. J. Antimicrob. Chemother. 76, i4–i11. doi: 10.1093/
jac/dkaa492
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11
Tumbarello, M., Viale, P., Viscoli, C., Trecarichi, E. M., Tumietto, F., Marchese, A.,
et al. (2012). Predictors of Mortality in Bloodstream Infections Caused by
Klebsiella pneumoniae Carbapenemase-Producing K. pneumoniae :
Importance of Combination Therapy. Clin. Infect. Dis. 55, 943–950.
doi: 10.1093/cid/cis588

Wacker, C., Prkno, A., Brunkhorst, F. M., and Schlattmann, P. (2013).
Procalcitonin as A Diagnostic Marker for Sepsis: A Systematic Review and
Meta-Analysis. Lancet Infect. Dis. 13, 426–435. doi: 10.1016/S1473-3099(12)
70323-7

Xiao, T., Yu, W., Niu, T., Huang, C., and Xiao, Y. (2018). A Retrospective,
Comparative Analysis of Risk Factors and Outcomes in Carbapenem-
Susceptible and Carbapenem-Nonsusceptible Bloodstream Infections:
Tigecycline Significantly Increases the Mortality. Infect. Drug Resist. 11, 595–
606. doi: 10.2147/IDR.S153246

Yahav, D., Lador, A., Paul, M., and Leibovici, L. (2011). Efficacy and Safety of
Tigecycline: A Systematic Review and Meta-Analysis. J. Antimicrob.
Chemother. 66, 1963–1971. doi: 10.1093/jac/dkr242

Yao, H., Liu, J., Jiang, X., Chen, F., Lu, X., and Zhang, J. (2021). Analysis of the
Clinical Effect of Combined Drug Susceptibility to Guide Medication for
Carbapenem-Resistant Klebsiella pneumoniae Patients Based on the Kirby–
Bauer Disk Diffusion Method. Infect. Drug Resist. 14, 79–87. doi: 10.2147/
IDR.S282386
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chen, Yang, Yao, Bu, Li, Wang, Chen and Yao. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
January 2022 | Volume 11 | Article 818308

https://doi.org/10.1128/AAC.06268-11
https://doi.org/10.1128/AAC.06268-11
https://doi.org/10.1097/QCO.0000000000000109
https://doi.org/10.1097/QCO.0000000000000109
https://doi.org/10.1001/jama.2016.20328
https://doi.org/10.1093/ofid/ofw249
https://doi.org/10.1080/22221751.2019.1634981
https://doi.org/10.1016/j.idc.2017.07.010
https://doi.org/10.1001/jama.2016.0288
https://doi.org/10.1007/s40265-018-0902-x
https://doi.org/10.1007/s40265-018-0902-x
https://doi.org/10.1093/eurheartj/ehu207
https://doi.org/10.2147/IDR.S337611
https://doi.org/10.1007/s10096-021-04296-1
https://doi.org/10.1093/jac/dkaa492
https://doi.org/10.1093/jac/dkaa492
https://doi.org/10.1093/cid/cis588
https://doi.org/10.1016/S1473-3099(12)70323-7
https://doi.org/10.1016/S1473-3099(12)70323-7
https://doi.org/10.2147/IDR.S153246
https://doi.org/10.1093/jac/dkr242
https://doi.org/10.2147/IDR.S282386
https://doi.org/10.2147/IDR.S282386
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Prediction of Prognosis in Adult Patients With Carbapenem-Resistant Klebsiella pneumoniae Infection
	Introduction
	Patients and Methods
	Study Design
	Data Collection
	Definitions
	Antimicrobial Susceptibility Testing
	Outcome Measurements
	Statistical Analyses

	Results
	Characteristics of Patients With CRKP
	The Mortality Risk Prediction Model and Nomogram
	Antibiotic Therapy and Its Effectiveness
	Predictors of the High Cost of Antimicrobial Agents

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


