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Background: Pneumonia remains the leading cause of death among children aged 1–59 months. The early prediction of poor outcomes (PO) is of critical concern. This study aimed to explore the risk factors relating to PO in severe community-acquired pneumonia (SCAP) and build a PO-predictive nomogram model for children with SCAP.



Methods: We retrospectively identified 300 Chinese pediatric patients diagnosed with SCAP who were hospitalized in the Affiliated Hospital of Southwest Medical University from August 1, 2018, to October 31, 2021. Children were divided into the PO and the non-PO groups. The occurrence of PO was designated as the dependent variable. Univariate and multivariate logistic regression analyses were used to identify the risk factors of PO. A nomogram model was constructed from the multivariate logistic regression analysis and internally validated for model discrimination and calibration. The performance of the nomogram was estimated using the concordance index (C-index).



Results: According to the efficacy evaluation criteria, 56 of 300 children demonstrated PO. The multivariate logistic regression analysis resulted in the following independent risk factors for PO: co-morbidity (OR: 8.032, 95% CI: 3.556–18.140, P < 0.0001), requiring invasive mechanical ventilation (IMV) (OR: 7.081, 95% CI: 2.250–22.282, P = 0.001), and ALB < 35 g/L (OR: 3.203, 95% CI: 1.151–8.912, P = 0.026). Results of the internal validation confirmed that the model provided good discrimination (concordance index [C-index], 0.876 [95% CI: 0.828–0.925]). The calibration plots in the nomogram model were of high quality.



Conclusion: The nomogram facilitated accurate prediction of PO in children diagnosed with SCAP and could be helpful for clinical decision-making.
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1. Introduction

Community-acquired pneumonia (CAP) is the most common cause of hospitalization and a common cause of mortality in children, especially among those under 5 years of age (1). In 2017, The World Health Organization estimated that CAP resulted in more than 800,000 deaths under in children 5 years of age, which accounted for 15% of all deaths in this age group, with most of these deaths occurring in developing countries (2). Early prediction of poor outcomes (PO) is essential for improving the long-term prognosis in children diagnosed with severe community-acquired pneumonia (SCAP). The use of appropriate tools for classifying children with pneumonia and predicting patient outcomes can optimize management (3). A few studies of American children have reported on the use of clinical feature-based predictive statistical models to stratify children with CAP (4, 5). The Respiratory Index of Severity in Children (RISC) and the Pediatric Etiology Research for Child Health (PERCH) score have been used to predict mortality in countries with high pneumonia mortality rates, such as South Africa (6, 7). To date, a model for predicting the clinical outcomes of children with CAP in higher-resourced countries, especially developing countries, has not yet been reported.

Among the predictive statistical models, nomograms are recognized to provide risk estimations with high accuracy, which enable clinicians to standardize clinical decision-making (8, 9). To our knowledge, a nomogram model for predicting the risk of PO in children with SCAP is not available. Hence, this study aimed to establish a nomogram model for the risk prediction of PO in children with SCAP. The use of this model for the evaluation of children with SCAP may enhance our clinical decision-making process, and ultimately, improve patient outcomes.



2. Methods


2.1. Study subjects

This retrospective case-control study focused on children with SCAP, aged 1–59 months, who were diagnosed in the Department of Pediatrics of Affiliated Hospital of Southwest Medical University from August 2018 to October 2021. All patient clinical data were obtained from the hospital information system.

Pneumonia was diagnosed based on clinical signs or symptoms of acute infection (e.g., fever) and/or acute respiratory illness (e.g., cough), as well as radiographs (e.g., chest x-ray and/or chest CT) (10). CAP was defined as pneumonia diagnosed within 48 h of hospital admission. This is in contrast to hospital-acquired pneumonia (HAP) which was defined as pneumonia that developed 48 h after hospital admission (11). Children with CAP were admitted to the intensive care unit (ICU) or a unit with continuous cardiorespiratory monitoring if they (1) required invasive ventilation via a nonpermanent artificial airway; (2) acutely required the use of noninvasive positive pressure ventilation; (3) were at risk of respiratory failure; (4) demonstrated sustained tachycardia, inadequate blood pressure, or the need for pharmacologic management of their blood pressure or perfusion; (5) showed low oxygen saturation based on pulse oximetry (≦92% with inspired oxygen of ≧0.50); or (6) developed altered mental status. Children with SCAP were defined as children with CAP who were admitted to ICU or a unit with continuous cardiorespiratory monitoring (12).

The following inclusion criteria were met by all children in this study: (1) diagnosed with SCAP; (2) aged 1–59 months; and (3) complete medical records available. Patients were excluded if (1) diagnosed with HAP; (2) experienced non-infectious pneumonitis, such as aspiration, uremic, or hypersensitivity pneumonitis; (3) cases with a history of recent hospitalization; (4) cases with severe immunosuppression; (5) cases with incomplete data. The children were divided into PO and non-PO groups. Children with SCAP who died and whose respiratory tract signs and symptoms of infection (such as fever, tachypnea, nasal flaring, cyanosis, pulmonary rales, etc) did not improve or worsen at the time of discharge were included in the PO group.

The study was approved by the ethics committee of the Affiliated Hospital of Southwest Medical University (No. KY2022004). Informed consent was not required for the retrospective analysis of patient data.



2.2. Data collection

Predictors were selected based on clinical expertise and an extensive review of the literature. A pre-designed form was created for data collection. Variables that may affect patient prognosis were included. Clinical and laboratory data such as history, vital signs, physical examination findings, procalcitonin, C-reaction protein, white blood cells count, invasive mechanical ventilation (IMV), and respiratory failure (RF; RF was defined by a partial pressure of arterial O2 (PaO2) that was <60 mmHg in room air at sea level or an oxygenation index (OI) <300), as well as radiological data, such as chest x-ray and/or chest CT, were collected (Table 1). Co-morbidities including congenital heart disease (e.g., tetralogy of Fallot), underlying pulmonary disease (e.g., bronchopulmonary dysplasia), congenital immunodeficiency, underlying brain disease (e.g., epilepsy), and esophageal atresia were also documented. All predictors were assessed at the time of admission.


TABLE 1 Characteristics of the study population and results of univariate analysis.
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Microbiological tests were also performed. Bacterial cultures from blood, sputum, bronchoalveolar lavage fluid, and hydrothorax were conducted. Immunoglobulin M (IgM) serology tests of 9 common respiratory pathogens (Chlamydophila pneumoniae, Mycoplasma pneumoniae, Legionella pneumophila, influenza A virus, influenza B virus, parainfluenza virus, respiratory syncytial virus, adenovirus, and Rickettsia).



2.3. Statistical analysis

Analyses were conducted using R software (V.4.1.2). Categorical variables were presented as frequency and percentage. The χ2 test or Fisher exact test was used to compare the two patient groups. Continuous variables were presented as median with interquartile range (IQR) or standard deviation (SD) and tested using the Mann–Whitney U-test. The occurrence of PO was designed as the dependent variable. Univariate and multivariate logistic regression analyses were performed to determine the risk factors influencing the occurrence of PO in patients with SCAP. Independent variables were not included in the model, especially if inconsistent with previous research results and clinical practice.

A nomogram was constructed based on the results of the multivariate analysis. The nomogram set the corresponding score value The nomogram utilized the regression coefficient of each variable in the multivariate logistic regression equation, which is representative of the contribution of each influencing factor to the efficacy, to set the corresponding score for each influencing factor. Then, the sum of the score of each influencing factor was used to calculate the total score.

The effect of individual predictors on PO was reported by using the odds ratios (OR) and the corresponding 95% confidence intervals (95% CI). The performance of the nomogram was estimated by the concordance index (C-index), which is analogous to the commonly reported area under the receiver operating characteristic (ROC) curve. A C-index of 1 indicated perfect concordance. The C-index of most models is 0.7–0.85 (9). Finally, we graphically assessed the agreement between the predicted and observed outcome frequencies (calibration) by using an internal bootstrap validation (1,000 replications with replacement). A two-tailed p-value < 0.05 was considered statistically significant.




3. Results


3.1. Participant characteristics

In total, 429 children with SCAP were diagnosed from August 2018 to October 2021. Of these, 42 were older than 59 months, and 87 had incomplete data. The final study population included 300 children with SCAP, with PO in 56 patients. The median age was 6.83 months [interquartile range (IQR), 2.1–19]. There were 181 (60.33%) boys. Moreover, 102 (34%) children had greater than or equal to 1 co-morbidity (Table 1). Congenital heart disease [65 children (21.67%)] was the most common co-morbidity, followed by pulmonary disease. Furthermore, 42 children (14%) received IMV during hospitalization.



3.2. Composition of the pathogens

The influenza virus was detected in 2.3% of children and Mycoplasma pneumoniae in 6%. A total of 112 strains of pathogenic bacteria were detected from sputum, blood, bronchoalveolar lavage fluid and pleural effusion. Streptococcus pneumoniae was the dominant bacterium. There were also 26 strains of Streptococcus pneumoniae, 17 strains of Staphylococcus aureus, 10 strains of Escherichia coli, 10 strains of Klebsiella pneumoniae, 9 strains of Haemophilus influenzae, 8 strains of Moraxella catarrhalis, and 32 strains of other uncommon bacteria identified.



3.3. Univariate analysis of PO in patients with SCAP

Table 1 listed all the variables used in the univariate analysis. Results from the univariate analysis showed that the following variables were not significantly different between the PO and non-PO groups: age <1 year, gender, temperature, tachypnea, wheezing, chest indrawing, grunting, nodal breathing, and nasal flaring (Table 1). Compared with the non-PO group, patients with PO had a higher risk of cyanosis, septic shock, malnutrition, altered mental status (AMS), comorbidity, respiratory failure (RF), and the need for IMV (p < 0.05). Laboratory data between the two groups did not demonstrate a statistically significant difference for procalcitonin (PCT), C-reaction protein (CRP), WBC count, creatine kinase-MB (CK-MB), and alanine aminotransferase (ALT) (Table 1). In contrast, hemoglobin, albumin (ALB), and blood pH were significantly lower in the PO group than the non-PO group (p < 0.05). Additionally, the proportion of hydrothorax did not differ significantly between the two groups (p > 0.05).



3.4. Multivariate regression analysis of PO in patients with SCAP

Significant variables from the univariate analysis were considered as the independent variables. PO was designated as the dependent variable. These variables were included in the multivariate logistic regression analysis (Table 2). The results showed that comorbidity (OR: 8.032, 95% CI: 3.556–18.140, P < 0.0001), the need for IMV (OR: 7.081, 95% CI: 2.250–22.282, P = 0.001), and ALB < 35 g/L (OR: 3.203, 95% CI: 1.151–8.912, P = 0.026) were independent risk factors of PO in children with SCAP.


TABLE 2 The results of multivariate logistic regression analysis.
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3.5. Nomogram construction and validation

Factors, such as cyanosis, RF, septic shock, and hemoglobin <90 g/L, and factors with an OR of <1 which were inconsistent with clinical practice, were not included in the prediction model. The remaining variables (malnutrition, AMS, comorbidity, ALB < 35 g/L, pH < 7.35, and IMV) from multivariate logistical regression analysis were used to establish a nomogram for the risk of PO (Figure 1). The nomogram was generated by assigning a weighted score to each influencing factor. The highest score was 350 points, and the range of PO incidence was 0.05–0.95. A higher score calculated from the sum of the distribution points of each high-risk factor in the nomogram corresponded to a higher risk of PO.


[image: Figure 1]
FIGURE 1
The nomogram for calculating the risk score and predicting the risk of PO in SCAP patients. To calculate total score and predicted probability of PO, points from individual variables are added and a vertical line is drawn from the total points line at the bottom downward to determine the predicted probability of PO due to SCAP. PO, poor outcome; SCAP, severe community-acquired pneumonia; pH, blood pH; AMS, altered mental status; ALB, albumin; IMV, invasive mechanical ventilation.


The resulting model was internally validated using the bootstrap validation method. The nomogram demonstrated good performance in estimating the risk of PO, with a C-index of 0.876 (95% CI: 0.828–0.925). The area under the ROC curve was 0.876 (Figure 2). Importantly, the calibration chart showed that the nomogram had a sufficient degree of fit for predicting the incidence of PO in children with SCAP (Figure 3).


[image: Figure 2]
FIGURE 2
ROC curve and AUC of the nomogram, AUC = 0.876 (95% CI: 0.828–0.925).



[image: Figure 3]
FIGURE 3
The calibration plot of the nomogram. The horizontal axis indicates the risk of PO occurrence predicted by the nomogram, and the vertical axis represents the actual observed risk of PO occurrence.





4. Discussion

CAP is the most common infectious disease during childhood, Nevertheless, no validated nomogram model exists to predict the risk of PO caused by SCAP. Although vaccination has significantly reduced the incidence and mortality of severe pneumonia in children in recent years, vaccination is not universally available. Pneumonia remains the leading cause of death among children, aged 1 month to 5 years (13). There are limitations in the prognostic evaluation of pneumonia among children via a single symptom or sign. At present, precise, comprehensive, and practical evaluation standards are lacking. Additionally, an adequate instrument to predict patient outcomes is not available (3). Previous studies have explored the risk factors associated with poor clinical outcomes of SCAP. However, a nomogram based on of multivariate logistic regression analysis results was not included (14). In this study, univariate and multivariate logistic regression analyses were used to identify the risk factors for PO and a PO-predictive nomogram was constructed to comprehensively and accurately estimate the risk of PO for each patient with SCAP.

This study showed that SCAP mainly occurred in infancy, which is consistent with that of Walker et al. Walker et al. reported that the incidence and mortality of SCAP were highest in children aged less than 1 year (15). The established cause was suggested to be related to a vulnerable and underdeveloped respiratory system in this age group, which led to greater infection susceptibility. Gender distribution in our study revealed a male predominance (1.5:1). Previous studies also showed similar results (12, 16). The literature suggested that viruses were most commonly detected in children with pneumonia, especially respiratory syncytial virus (4, 17). In the present study, bacteria were the most common pathogens. This study did not collect nasopharyngeal aspirates or swabs for the detection of common respiratory virus antigens.

To accurately predict the risk of PO in children with SCAP, we identified 6 factors using univariate and multivariate analyses, namely, malnutrition, comorbidity, blood pH < 7.35, AMS, ALB < 35 g/L, and the need for IMV. These factors were used to establish a nomogram for the risk of PO. To the best of our knowledge, this is the first nomogram study of the risk of PO caused by SCAP. Based on the AUC and calibration curve evaluations, the nomogram model showed good accuracy and consistency. Thus, the nomogram model can effectively contribute to the early prediction of PO in children with SCAP to facilitate timely therapeutic and preventive measures. To a certain extent, the prognosis of children with SCAP may also be improved.

This study showed that co-morbidity, ALB < 35 g/L, and the need for IMV were independent risk factors for PO in children with SCAP. In this study, congenital heart disease was the most common co-morbidity in children with SCAP. Children with congenital heart disease are more likely to develop repeated respiratory tract infections (18), that require hospitalization and antimicrobial application. These risk factors of pneumonia are potentially related to multi-drug-resistant bacteria, which also increases mortality (19). Previous studies have also confirmed that basic cardiopulmonary diseases including congenital heart disease, bronchopulmonary dysplasia, cystic fibrosis, asthma, and other systemic diseases, can induce and aggravate pneumonia (20, 21). Koh et al. also showed that comorbidity was an independent risk factor for PO in patients with SCAP (16). Therefore, the treating team should pay more attention to comorbidities, treat the comorbidities accordingly, and be vigilant in monitoring outcomes. Moreover, Koh et al. reported that IMV increased the risk of ventilator-associated pneumonia (VAP), which was in turn, associated with PO (16). Furthermore, children undergoing IMV often have severe hypoxemia. A previous study showed that the severity of hypoxemia was an independent risk factor of mortality among patients (22). Conversely, patients may also experience other complications, such as VAP, pulmonary barotrauma, laryngeal edema, airway injury, and pneumothorax (23), and these complications may also adversely affect outcomes in severe cases. For children receiving IMV, the medical teams should aim to reduce the above-mentioned complications by using various means, e.g., manual lung inflation, vibration expectoration, and early functional exercise (24). Another study showed that serum ALB can rapidly decrease in acute infection (25). Furthermore, the reduction of ALB was closely related to increased pulmonary vascular permeability, which has important clinical value in predicting the severity and prognosis of pneumonia (26, 27).

Metabolic acidosis is very common in septic patients, who are often critically ill, and the severity of metabolic acidosis is associated with poor clinical outcomes (28, 29). In the current study, a blood pH of <7.35 was used as a key indicator of metabolic acidosis. The PO group demonstrated a higher tendency for a blood pH of <7.35 than the non-PO group. Jroundi et al. (30) reported that cyanosis is an independent risk factor for adverse outcomes among children with severe pneumonia in middle-income countries. However, in our study, the variable was significantly different between the two groups only in the univariate analysis. Differences in the patient population and study design may account for these differences.

Nomogram is used to predict the probability of a clinical event occurring in an individual. This has become more common with more rapid computation through user-friendly digital interfaces and increased accuracy (9). This is the first study to create a simple visual prediction nomogram model for predicting PO in patients with SCAP using six factors. The C-index was used to assess the concordance, which was graded as very good (0.80–1.00) (31). Our nomogram also showed good performance for prediction (C-index of 0.876), which may improve over time and form the basis of new ideas for the early identification and intervention of PO in patients with SCAP.

Lung function parameters play a pivotal role in the assessment of respiratory diseases (32). Early lung infections are negatively associated with most lung function parameters (33). For children with SCAP, tests of lung function are helpful for assessing disease severity and predicting poor outcomes. The prediction model will be more objective and convincing by adding lung function to risk factors analysis. However, this was a retrospective study and lung function tests were not done routinely in SCAP children at our center. This will be further evaluated in our prospective study.

This study has some limitations. First, this retrospective study was based on reviewing medical records from a single institution and the sample size was small. Second, bootstrap repeated sampling was used to verify the model in the study. Finally, we didn’t add some factors (e.g., lung function test) that may be meaningful to risk factors analysis due to missing data. It is necessary to validate our results with those of other centers. In the future, a prospective multi-center in-sample study to further confirm the reliability of the nomogram is warranted.



5. Conclusions

A prognostic nomogram for predicting the risk of poor outcomes in children with SCAP was constructed. The nomogram demonstrated good discrimination and calibration in our study. The nomogram may be used to predict patient outcomes as early as at the time of admission, which may contribute to improving the clinical management of SCAP.
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