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Establishment and Validation of a Non-Invasive Diagnostic Nomogram to Identify Spontaneous Bacterial Peritonitis in Patients With Decompensated Cirrhosis
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Background: Spontaneous bacterial peritonitis (SBP) is a common and life-threatening infection in patients with decompensated cirrhosis (DC), and it is accompanied with high mortality and morbidity. However, early diagnosis of spontaneous bacterial peritonitis (SBP) is not possible because of the lack of typical symptoms or the low patient compliance and positivity rate of the ascites puncture test. We aimed to establish and validate a non-invasive diagnostic nomogram to identify SBP in patients with DC.

Method: Data were collected from 4,607 patients with DC from July 2015 to December 2019 in two tertiary hospitals in Chongqing, China (A and B). Patients with DC were divided into the SBP group (995 cases) and the non-SBP group (3,612 cases) depending on whether the patients had SBP during hospitalization. About 70% (2,685 cases) of patients in hospital A were randomly selected as the traindata, and the remaining 30% (1,152 cases) were used as the internal validation set. Patients in hospital B (770 cases) were used as the external validation set. The univariate analysis and least absolute shrinkage and selection operator (LASSO) regression were used to screen variables, and logistic regression was used to determine independent predictors to construct a nomogram to identify patients with SBP. Area under curve (AUC), calibration curve, and dynamic component analysis (DCA) were carried out to determine the effectiveness of the nomogram.

Result: The nomogram was composed of seven variables, namely, mean red blood cell hemoglobin concentration (odds ratio [OR] = 1.010, 95% CI: 1.004–1.016), prothrombin time (OR = 1.038, 95% CI: 1.015–1.063), lymphocyte percentage (OR = 0.955, 95% CI: 0.943–0.967), prealbumin (OR = 0.990, 95% CI: 0.987–0.993), total bilirubin (OR = 1.003 95% CI: 1.002–1.004), abnormal C-reactive protein (CRP) level (OR = 1.395, 95% CI: 1.107–1.755), and abnormal procalcitonin levels (OR = 1.975 95% CI: 1.522–2.556). Good discrimination of the model was observed in the internal and external validation sets (AUC = 0.800 and 0.745, respectively). The calibration curve result indicated that the nomogram was well-calibrated. The DCA curve of the nomogram presented good clinical application ability.

Conclusion: This study identified the independent risk factors of SBP in patients with DC and used them to construct a nomogram, which may provide clinical reference information for the diagnosis of SBP in patients with DC.
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INTRODUCTION

Liver cirrhosis (LC) results from different mechanisms of liver injury that lead to necroinflammation and fibrogenesis. Histologically, it is characterized by diffuse nodular regeneration surrounded by dense fibrotic septa with subsequent parenchymal extinction and collapse of liver structures, together causing pronounced distortion of hepatic vascular architecture (1–3). LC is responsible for increased morbidity and mortality in developed countries; it is the 14th most common cause of death in adults worldwide but the fourth in Central Europe. It causes 1.03 million deaths worldwide every year(4). About 1,70,000 individuals die from LC per year in Europe (5), whereas 33,539 die from LC annually in the United States (6). LC is divided into compensated asymptomatic cirrhosis and decompensated cirrhosis (DC). The transition from compensated asymptomatic cirrhosis to DC occurs at a rate of about 5–7% per year (7). DC is a systemic disease with multiple organ or system dysfunction (8). Patients with DC are prone to hypersplenism and decreased immune function, and they lack resistance to endogenous and exogenous bacteria. Thus, patients with DC are prone to infection of various parts and tissues.

A particular threat for patients with DC is the development of bacterial infections (9). Patients with DC may suffer from significant alterations in various parts of the immune system, which can cause complex cirrhosis-associated immune dysfunction (10). As a result, these patients have a higher susceptibility for infections but show a hyperinflammatory response as soon as an infection has been acquired. The most frequent type of infection in patients with DC is spontaneous bacterial peritonitis (SBP) (11, 12).

Spontaneous bacterial peritonitis is acute bacterial peritonitis caused by non-abdominal organ infection. Given that ascites is a good culture medium for bacteria, patients with cirrhosis are prone to SBP after ascites. SBP is a serious complication of advanced liver disease and chronic severe hepatitis, with a prevalence of 10–30% among hospitalized patients (10, 13). Different investigations reported varying hospital mortality rates in hospitalized patients with cirrhosis and SBP (20–40%) (14–17). SBP worsens the outcomes of chronic liver diseases and increases the risk of complications, such as renal and hepatic failure and portal hypertension (18, 19). SBP diagnosis follows the European Association for the Study of the Liver and the American Association for the Study of Liver Diseases guidelines, which indicate that ascites polymorphonuclear leukocyte counts combined with no intra-abdominal source of infection are suggestive of SBP (20, 21). However, ascites puncture is an invasive procedure, in which patient compliance is poor and the examination is time-consuming (24–48 h). The positive rate is as low as 35–65% (22). In some special cases, the patient's physical condition cannot carry out ascites puncture. On the basis of the current diagnostic strategies, many SBP cases can be misdiagnosed, leading to a delay in treatment or antibiotic abuse. Moreover, early clinical diagnosis of SBP is difficult because of its atypical clinical manifestations, few symptoms, or common symptoms, and signs of other diseases.

Although many studies have discussed the morbidity, diagnosis, and treatment of SBP, its early diagnosis still presents some difficulties. Currently, many risk factors and diagnostic studies of DC based on clinically recognized risk factors are small-sample studies. The model has not been further verified, and the availability and accuracy of the model in clinical use cannot be guaranteed. The clinical factors involved in the study are non-clinical common factors, in daily monitoring, doctors or nurses cannot be reminded of the risk of early detection of SBP. The study design has few clinical factors, strong intervenability and is easily affected by a single influencing factor. This study aimed to establish a simple and effective method for diagnosing whether SBP occurs in patients with DC based on large samples and common clinical indicators of DC. In this study, a nomogram was employed. In addition, we developed an online application based on the nomogram to diagnose SBP in patients with DC. This work can be used to clinically evaluate patients with DC to assess the risk of SBP.



MATERIALS AND METHODS


Study Subjects

This study is a retrospective review. We collected data from 4,607 patients diagnosed with DC in A hospital (3,612 cases) and B hospital (770 cases) in the Big Data Platform of Medical Data Research Institute of Chongqing Medical University between July 2015 and December 2019.

The inclusion criterion was a diagnosis of DC between July 2015 and December 2019. Exclusion criteria were as follows: patients younger than 18 years old; patients suffering from acquired immunodeficiency syndrome; patients suffering from tumors; patients with secondary peritonitis; patients with tuberculous peritonitis; and indicators with a missing rate >30%.

The diagnosis of DC is based on LC, with complications of portal hypertension and (or) liver dysfunction. There is a basis for the diagnosis of LC: the diagnosis of LC is confirmed by liver biopsy, clinical, biochemical, and imaging data or past medical records, and the diagnosis is in accordance with the “Chinese guidelines on the management of liver cirrhosis” (23). The portal hypertension-related complications and symptoms include ascites, bleeding from esophageal gastric varices, sepsis, hepatic encephalopathy, and hepatorenal syndrome. The diagnostic criteria of SBP are based on the 2010 “European Society of Liver Diseases Cirrhosis and Ascites, SBP Guidelines” (24), which involve any two of the following indicators: clinical manifestations of fever, abdominal pain, abdominal tenderness, rebound pain, and other abdominal cavity symptoms and signs of internal infection; routine examination of ascites for white blood cells >0.5 × 109/L and neutrophils >0.25 × 109/L; and positive bacterial culture of ascites.



Demographic Features and Clinical Characteristics

This study included common clinical indicators of patients with LC by consulting clinical experts and inquiring about the related literature. Etiology of LC: hepatitis B, hepatitis C, alcoholic liver, biliary hepatitis, and autoimmune hepatitis. Common complications of patients with SBP: upper gastrointestinal bleeding and hepatic encephalopathy. Laboratory data: blood routine, liver function, renal function, electrolytes, blood coagulation function indexes, and model foe end stage liver disease (MELD). Basic information and medical history information: age, sex, smoking history, drinking history, high blood pressure, and diabetes. C-reactive protein (CRP) >8 mg/L is defined as abnormal CRP, whereas procalcitonin >0.5 μg/L is defined as abnormal procalcitonin.



Statistical Analysis

We collected 3,873 patients with DC, including 1,286 female patients and 2,587 male patients. In the first step, we used SPSS24.0 to perform single-factor analysis on the SBP group and non-SBP group, and the test standard was set to p < 0.05. The enumeration data were expressed by rate and percentage, and the chi-square test was used for comparison between groups. All the quantitative variables do not obey the normal distribution. Those were represented by median and interquartile range (IQR) [M(Q25–Q75)], and comparison between groups was represented by the Mann–Whitney U-test. We use Originlab to draw stacked histograms of antibiotic usage. In the second step, with the aid of R software (version 3.6.2; https://www.R-project.org), we randomly divided the patients into two groups, namely, traindata (n = 2,685) and internal validation set (n = 1,152), according to a theoretical ratio of 7:3. In the third step, we adopted the least absolute shrinkage and selection operator (LASSO) regression method to analyze variables. LASSO was applied for data dimensionality reduction. The LASSO regression model employs a double-standard error by constructing a penalty function. Concerning the characteristics of this method, we screened suitable and effective risk factors for patients with DC and SBP in LASSO regression analysis and selected nine characteristic factors. Variables selected through logistic regression analysis were considered for odds ratio (OR) and p with 95% CI, and the statistical significance levels were all two-sided. On the basis of the logistic regression results, we selected risk factors with p < 0.05 and constructed a nomogram prediction model. In this study, seven variables were selected. For the validation of the model, we calculated C index, receiver operating characteristic (ROC) curve, and dynamic component analysis (DCA) (22).




RESULT


Baseline Characteristics

A total of 3,873 patients were included for analyses. The baseline data of enrolled patients are summarized in Table 1. In patients with DC, the prevalence of SBP was 20.75%. The total cohort comprised 2,587 (67.42%) men, and the proportion of men in patients with SBP was high, i.e., 599 men (75.25%). Among all enrolled patients with DC, the median age was 53 years. In terms of suffering from underlying diseases, the proportions of hypertension and diabetes were 12.95 and 19.36%, respectively. This study included five common complications associated with DC, and the incidence of the five common complications is as follow: esophageal and gastric varices without bleeding (36.33%), upper gastrointestinal bleeding (31.56%), hypersplenism (21.53%), hypoproteinemia (11.78%), and hepatic encephalopathy (9.41%). Hepatitis B was the leading etiology of LC (56.50%). The rates of smoking and drinking were 47.20 and 47.15%, respectively.


Table 1. Characteristics of the participants in the SBP group and non-SBP group.
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The percentages of abnormal CRP level and procalcitonin in patients with SBP were 56.78 and 30.38%, respectively, or 44.60 and 12.30%, respectively, compared with those without SBP. The median hospitalization time was 15 days (9, 22) in patients with SBP and 9 days (6, 15) in those without SBP. The median total bilirubin content was 70.90 μmol/L (27.50, 231.35) in patients with SBP and 24.80 μmol/L (15.70, 45.80) in those without SBP. The median prothrombin time and international normalized ratio levels of patients with DC and SBP were 19.60 s (16.73, 24.40) and 1.67 (1.36, 2.21), respectively, whereas those of patients without SBP were 16.30 s (14.80, 18.50) and 1.31(1.16, 1.54). The median MELD level of patients with DC and SBP was 17.24 (10.73, 24.06), whereas that of patients without SBP was 10.49 (7.57, 14.59). Meanwhile, we listed the use of antibiotics in the SBP and non-SBP groups (Supplementary Tables 1, 2 and Supplementary Figures 1, 2 for details).



Univariate Analysis and LASSO Regression

A total of 50 indicators were included in this study, and seven indicators were not statistically significant after univariate analysis. For example, no statistical significance was found between patients with SBP and patients without SBP in lymphocyte count, platelet count, hemoglobin concentration, magnesium ion concentration, potassium ion concentration, albumin concentration, and creatinine concentration (p > 0.05). The remaining variables were statistically significant, such as CRP level, procalcitonin level, length of hospital stay, calcium concentration, prothrombin time, and MELD score (p < 0.05). The analysis results are shown in Table 1.

The least absolute shrinkage and selection operator regression analysis requires consistent initial estimation of regression coefficients, which can be used to reduce the dimension of complex variables and improve the accuracy of the model (25). In this study, LASSO regression analysis was conducted to select nine predictors from the statistically significant univariate variables (Figures 1A,B), thereby consolidating our model. The nine predictors were CRP level, absolute neutrophil count, mean red blood cell hemoglobin concentration, lymphocyte percentage, total bilirubin, prealbumin, prothrombin time, procalcitonin level, and MELD (Table 2).


[image: Figure 1]
FIGURE 1. Demographic and clinical feature selection using the LASSO binary logistic regression model. (A) The selection of the best parameter (lambda) in the LASSO model uses five-fold cross-validation with the lowest standard. The relationship curve between partial likelihood deviation (binomial deviation) and log(lambda)was plotted. Dotted vertical lines were drawn at the optimal values by using the minimum criteria and the 1 SE of the minimum criteria (the 1-SE criteria). (B) LASSO coefficient profiles of the 11 features. A coefficient profile plot was produced against the log (lambda) sequence. Vertical line was drawn at the value selected using five-foldcross-validation. LASSO, least absolute shrinkage and selection operator; SE, standard error.



Table 2. Least absolute shrinkage and selection operator (LASSP) regression coefficient table.
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Development of a Nomogram

The nine variables of LASSO regression were brought into a multivariate logistic regression, and stepwise logistic regression based on the AIC criterion was performed by step() function. The values of p of seven risk characteristic factors were proven to be significant in the model (Table 3).


Table 3. Results of multivariate logistic regression model.
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The diagnostic nomogram that integrated seven selected features (p < 0.05) for the incidence of SBP in the training cohort is shown in Figure 2A. The values of each risk factor were assigned a score on the point scale axis. By adding each single score and using that value in the total point scale axis, the total score could be easily calculated to the probability of SBP. For the convenience of clinicians, we have provided the nomogram as a web-based calculator tool (https://cqmuxss.shinyapps.io/dynnomappdc_and_sbp/). Doctors can enter the indicators for each patient to automatically calculate the patient's probability of SBP. To provide a plain and clear illustration of the integrated model, an example of a patient with DC is shown in Figure 2B. If the subject had an abnormal CRP level, a normal procalcitonin level, mean red blood cell hemoglobin concentration of 353 g/L, a lymphocyte percentage of 14.92%, a total bilirubin count of 27.1 μmol/L, a prealbumin count of 171 mg/L, and a prothrombin time of 14.9 s, then the probability of SBP was estimated to be 10.5%.


[image: Figure 2]
FIGURE 2. Developed a nomogram of decompensated cirrhosis combined spontaneous bacterial peritonitis model. (A) spontaneous bacterial peritonitis nomogram for patients with decompensated cirrhosis was developed in the traindata, with prothrombin time, prealbumin, total bilirubin, lymphocyte ratio, mean red blood cell hemoglobin concentration, procalcitonin level and C-reactive protein level incorporated. (B) An example of nomogram.




Verification of the Nomogram

Good discrimination was obtained by validating the model using internal and external validation sets. In the internal verification set, the AUC was 0.800 and the best cutoff point for the model was −1.514, where the specificity was 72.9% and the sensitivity was 75.5% (Figure 3A). In the external verification set, the AUC was 0.745 and the best cutoff point for the model was −1.351, where the specificity was 62.2% and the sensitivity was 73.9% (Figure 3B).


[image: Figure 3]
FIGURE 3. AUC of the ROC curve in internal validation set and external validation set. Internal validation set (A), and external validation set (B). The y axis means the true positive rate of the risk prediction of decompensated cirrhosis patients with spontaneous bacterial peritonitis. The x axis means the false positive rate of the risk prediction of decompensated cirrhosis patients with spontaneous bacterial peritonitis.


In this study, the bootstrap resampling method was used to calibrate the calibration curve of the logistic model (Figure 4A). The diagonal line represents the reference line where the predicted value and the actual value are completely coincident, and the apparent dotted line represents the actual situation of the prediction model. The bias-corrected solid line represents the actual situation of the corrected prediction model. The C-index and Brier score were 0.830 (95% CI: 0.811–0.849) and 0.117 (95% CI: 0.109–0.126), respectively. We compared the nomogram and Child-plug based on DCA. DCA visually showed that the nomogram had a superior overall net benefit within the wide and practical ranges of threshold probabilities. It further indicated that our nomogram conferred significantly high clinical net benefit, which is of great value for the accurate individualized assessment of the incidence of SBP (Figure 4B). These values suggested that the diagnostic model demonstrated good performance.


[image: Figure 4]
FIGURE 4. (A) Calibration curves of the spontaneous bacterial peritonitis incidence risk nomogram prediction in the traindata. The diagonal line represents the reference line of complete coincidence between the predicted value and the actual value, The apparent dotted line represents the actual situation of the prediction model, and the bias-corrected solid line represents the actual situation of the prediction model after correction. (B) Decision curve analysis of the nomogram and child-plug. The y-axis represents standardized net benefit.





DISCUSSION

Spontaneous bacterial peritonitis is a serious threat to the quality of life and survival time of patients with DC. Early detection of the risk of SBP in patients with DC is helpful to improve the quality of life of patients. The survival time of patients can be prolonged, and antibiotics can be better managed and utilized. In this study, we found that mean red blood cell hemoglobin concentration (OR = 1.010, 95% CI: 1.004–1.016), prothrombin time (OR = 1.038, 95% CI: 1.0151.063), lymphocyte percentage (OR = 0.955, 95% CI: 0.943–0.967), prealbumin (OR = 0.990, 95% CI: 0.987–0.993), total bilirubin (OR = 1.003 95% CI: 1.002–1.004), abnormal CRP level (OR = 1.395, 95% CI: 1.107–1.755), and abnormal procalcitonin levels (OR = 1.975, 95% CI: 1.522–2.556) were associated with a higher incidence of SBP. Furthermore, we developed an effective prognostic nomogram composed of seven features. The nomogram had significantly high sensitivity and specificity to distinguish individuals with SBP from DC. DCA further indicated that our nomogram conferred significantly high clinical net benefit, which is of great value for the accurate individualized assessment of the occurrence of SBP.

Several studies have shown that patients with SBP have higher CRP levels than patients without SBP (26–29). In this study, patients with SBP and abnormal CRP levels accounted for 56.78%, which was significantly higher than patients with non-SBP 30.38%, consistent with previous studies. After trauma and infection, CRP increased significantly, and its application in disease diagnosis can assist in judging whether patients have an inflammatory reaction and bacterial infection. After SBP in patients with DC, patients usually have an acute inflammatory response. The level of CRP significantly increases. In addition, studies have shown that elevated CRP levels are helpful in diagnosing SBP (30–32). Procalcitonin is a precursor of calcitonin that is normally secreted by the C cells of the thyroid gland in healthy individuals. In the absence of infection, extra-thyroid expression of the procalcitonin gene is suppressed in liver, lung, kidney, adrenal tissue, monocytes, granulocytes, testis, prostate, and small intestine (33). Bacterial infection induces a general increase in procalcitonin gene expression, resulting in the constitutive release of procalcitonin from parenchymal tissue throughout the body. Procalcitonin is significantly elevated during the systemic response to infection, and this effect can be detected 2-4 h after the inflammatory response; it is known as a new inflammatory biomarker of bacterial infection (34–36). Su DH, Connert S, Cekin Y, et al. have shown that procalcitonin is a marker of inflammation for the diagnosis of SBP and can be used by clinicians as an aid in the rapid and accurate diagnosis of SBP (37–39).

The liver can synthesize all coagulation factors and fibrinolytic factors except tissue factors and calcium ions. The coagulation factor is the most sensitive indicator to evaluate the status of liver function. Measuring the level of coagulation factor can quickly reflect the status of liver function. Prolonged prothrombin time indicates decreased liver function, and SBP should be considered when prolonged prothrombin time occurs. Many scholars have reported that total bilirubin is an independent risk factor for cirrhosis patients complicated with SBP (40–42). The increase in total bilirubin reflects the situation of liver damage and the decline of liver synthetic function. Total bilirubinostasis can damage the function of Kupffer cells and aggravate liver function damage; it is accompanied by a significant decline in the function of the monocyte-macrophage system. It can easily lead to bacterial migration and bacteremia, which can increase the possibility of SBP. The occurrence of SBP further increases the burden on the liver. Given their interaction, patients with cirrhosis with significantly increased total bilirubin levels need to be highly alert to the occurrence of SBP.

Prealbumin is an acute-phase protein with a relative molecular weight of 55 kDa. It participates in immune regulation and plays a role in maintaining the acid-base balance. Li Wq (3) pointed out that the distribution rate of serum albumin from intravascular to extravascular increases significantly during an infection, and the decomposition rate of albumin also increases significantly. Under physiological conditions, prealbumin is mainly present in serum and cerebrospinal fluid and has a shorter half-life (1.9 days) than albumin (43). The short-term increase and decrease are more obvious. The detection of serum prealbumin level has important clinical value in the diagnosis, treatment, and prognosis of various liver diseases, such as DC(44). Early diagnosis has higher sensitivity in predicting the occurrence of SBP in patients with cirrhosis. We found that lymphocyte percentage and mean corpuscular hemoglobin concentration were not discussed in previous study of influencing factors, hoping to provide a conjecture for related researchers.

In this study, the predictors included in the SBP diagnostic model for patients with DC were common clinical factors that could be collected in patients with DC. Thus, the model is useful and applicable in daily practice. Several predictors involved included liver functional indicators and inflammatory indicators, which did not have a major influence on the diagnosis when a single factor was affected. The performance of the model was relatively stable. Compared with previous studies, the online nomograms we provided could help doctors make a quick diagnosis, help patients perform self-screening and provide the possibility of timely diagnosis and treatment of diseases in places where medical technology is backward. The model performs well in internal and external verification, making it applicable to a large number of patient groups.

Our study had some limitations. First, selection bias may exist due to the retrospective nature of the investigation. However, we used a multicenter and relatively large training cohort to build models, which was further subjected to spatial verification. Second, data on social support, level of education, and socioeconomic status were not available. Further research is warranted to explore the impact of these important indicators.



CONCLUSION

This study developed and validated a diagnostic model based on common clinical features of patients with DC. This study is helpful for the early detection of patients with SBP, timely provision of reasonable symptomatic treatment, and improvement of quality of life and prognosis of patients with DC. The online nomogram is convenient for clinicians to use and can increase the acceptability of the model.
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HE, hepatic encephalopathy; UGIB, upper gestrointestinal bleecing; EGVWB, esophageal and gastric varices without bieeding; PCT, Procalcitonin; CRR, C-reactive protein; HD,
hospitalization days; NE%, percentage of neutrophis; NE, the absolute number of neutrophis; MCV, mean corpuscular volume; MCH, mean corpuscular volume; MCHC, mean red
blood cell hemoglobin concentration; LY%, lymphocyte percentage; LY, ymphocyte count; WBC, white blood cell count; PLT, platelet count; Hb, hemoglobin concentration; ALP, alkaline
phosphatase; GGT, y-glutamyl transpeptidase; ALT, alanine aminotransferase; PAB, prealbumin; PT, prothrombin time; INR, international normalized ratio; MELD, 2 model for end-stage
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