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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.
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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; Rodríguez-Medina et al., 2019). Carbapenem-resistant KP (CRKP) infections are increasing globally (Munoz-Price et al., 2013; Brink, 2019), and in China, 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 <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 μg/mL for meropenem/imipenem or ≥2 μg/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 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.


Table 1 | Characteristics of patients with carbapenem-resistant Klebsiella pneumoniae infections.





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).


Table 2 | Univariate and multivariate Cox regression analysis of risk factors for 30-day mortality.






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.






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.



The C-index for the established nomogram was 0.85 (95% CI: 0.80–0.90). Calibration plots and ROC curves were drawn to 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).




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.



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).




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.





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 β-lactam/β-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.




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, β-lactam/β-lactamase inhibitors (cefoperazone-sulbactam and piperacillin-tazobactam); KP, Klebsiella pneumoniae.





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 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 that male gender, use of ceftazidime–avibactam, and use of tigecycline were the independent predictors (Supplementary Table S1).


Table 3 | Factors associated with high cost of antimicrobial agentsa.






Discussion

The nomogram is a simple and practical clinical system through which critically ill patients can be identified and provided with 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 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 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 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, 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 consistent with the survival analysis and the findings of 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 remains controversial (Yahav et al., 2011; Ni et 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 weak because there was only a relatively small proportion of polymyxin 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.

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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@Antimicrobial regimens referred to the antibiotics intended to be used against CRKP administered at the same time within 7 days after CRKP was detected.

>B-lactam/B-lactamase inhibitors (BL-BLI) included cefoperazone-sulbactam and piperacilln-tazobactam.
“Other drugs included tetracyclines and sulfamethoxazole-trimethoprim.
9The outcomes of infection were defined as effective (cure or improvement) or noneffective treatment (stable or deterioration) according to clinical, radiological, and laboratory findings.

°USD1 = 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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