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Objective: This study aimed to develop a nomogram model for predicting massive necrotizing pneumonia (NP) in children.
Methods: A total of 282 children with NP admitted to Kunming Children’s Hospital from January 2014 to November 2022 
were enrolled. The children with NP were divided into massive necrotizing pneumonia (MNP) group and non-MNP group 
according to the severity of the lung necrosis. The clinical data of the children were collected, and least absolute shrinkage and 
selection operator (LASSO) regression and multivariate logistic regression models were used to analyze the influencing factors 
of MNP. A nomogram model was constructed, and its predictive efficacy was evaluated.
Results: The predictors selected by LASSO regression analysis were: haematogenous spread, white blood cell (WBC), hemoglobin 
(Hb), C-reactive protein (CRP), lactate dehydrogenase (LDH), and activated partial thromboplastin time (APTT) (P < 0.05). Based on 
the above independent influencing factors, a nomogram model for MNP was constructed. The bootstrap method was used to repeat 
sampling 1000 times. The results showed that the consistency index of the nomogram model in predicting MNP was 0.833 in the 
training set and 0.810 in the validation set. The results of ROC curve analysis showed that the area under the receiver-operating- 
characteristic curve (AUC) of the nomogram model for predicting MNP was 0.889 [95% CI (0.818, 0.959)] in the training set and 
0.814 [95% CI (0.754, 0.874)] in the validation set. The calibration curve of the nomogram predicting MNP was basically close to the 
actual curve. The decision curve showed that the nomogram had good clinical utility.
Conclusion: We developed a nomogram for predicting MNP, which can help clinicians identify the severity of lung necrosis early.
Keywords: nomogram, children, necrotizing pneumonia, LASSO

Introduction
Necrotizing pneumonia (NP), also known as cavitary pneumonia or cavitary necrosis, is the liquefaction and necrosis of 
lung tissue on the basis of lung tissue consolidation.1 The clinical diagnosis is mainly based on imaging examination. NP 
is a rare and serious complication of community-acquired pneumonia (CAP) in children,2,3 which can occur in people of 
all ages. The incidence of NP in children has been increasing year by year since the beginning of this century.4,5 

Mycoplasma pneumoniae, Streptococcus pneumoniae, Staphylococcus aureus, and other infections can lead to the 
occurrence of NP.6–9 The pathogenesis of pulmonary necrosis caused by different pathogens differs, as does the severity 
of lung damage.9,10 Mild pulmonary necrosis can be cured by anti-infection and anti-inflammatory treatment, while 
massive necrotizing pneumonia (MNP) requires surgical intervention, and more severe cases can eventually die.11–15 As 
a result, Li et al11 investigated the early warning indicators of massive lung necrosis in children with CAP in order to 
detect it early. However, this study’s sample size was small, and it is not clinically useful to predict the severity of NP 
using just one predictor. Considering the above reasons, we retrospectively analyzed the characteristics of all children 
with NP since the establishment of an electronic medical record system in our hospital. We tried to find out the early 
predictors of massive lung necrosis, establish a simple and practical prediction model, and provide a theoretical basis for 
the development of targeted diagnosis and treatment plans.
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Methods
Data Source
The retrospective study was conducted at the Children’s Hospital affiliated with Kunming Medical University. The 
hospitalized children with NP from January 2014 to November 2022 were analyzed retrospectively. This study complied 
with the Declaration of Helsinki and was approved by the Ethics Review Committee of the Children’s Hospital affiliated 
with Kunming Medical University. Written informed consent was obtained from the guardian of each patient.

Study Population
The inclusion criteria were as follows: (a) hospitalized children under 18 years of age; (b) meet the clinical diagnostic criteria of 
pneumonia;16 and (c) chest CT showed segmental or lobular consolidation with enhanced hypodensity areas and/or necrotic cysts.

The exclusion criteria included any of the following: 1) patients with a history of chronic lung disease, immunode-
ficiency disease, connective tissue disease, or hematological disease; 2) cavitary lung diseases, including congenital lung 
diseases with infection, tuberculosis, lung cyst, etc.

The severity of pulmonary necrosis was determined by analyzing the chest CT with the largest relative ratio of 
necrotic tissue to the total lung area during hospitalization. More than 30% necrosis was included in the MNP group, and 
no more than 30% necrosis was included in the non-MNP group.11

Study Variables and Data Extraction
All clinical data were collected through the medical case system of the Children’s Hospital of Kunming Medical 
University. 1) General information, including sex, weight, and age. (2) Clinical features, including cough, hemoptysis, 
chest pain, wheezing, shortness of breath, rales, duration of fever, peak body temperature, haematogenous spread (3) 
radiological features, including pulmonary consolidation, atelectasis, and pleural effusion. (4) complications, including 
digestive system, nervous system, urinary system, circulatory system, blood system, and endocrine system. (5) 
Laboratory tests, including white blood cell (WBC), hemoglobin (Hb), neutrophil percentage, lymphocyte percentage, 
platelet (PLT), C-reactive protein (CRP), procalcitonin (PCT), alanine aminotransferase (AST), alanine aminotransferase 
(ALT), lactate dehydrogenase (LDH), albumin (Alb), prothrombin time (PT), activated partial thromboplastin time 
(APTT), Fibrinogen (FG), mycoplasma infection, viral infection, bacterial infection, co-infection. (6) treatment, includ-
ing glucocorticoids, intravenous immune globulin (IVIG), intensive care unit (ICU) admission, thoracic close drainage, 
surgery, length of hospital stays, and hospitalization expenses.

Definition
Hematogenous spread is defined as the pathogen that causes NP not through direct respiratory infection but through 
blood flow from other parts of the body to the lungs. Patients who complain not of respiratory symptoms but of other 
systemic symptoms such as bone headaches and have specific pathogenic bacteria in their blood cultures will be 
considered to have hematogenous spread. Co-infection was defined as the detection of two or more of the three pathogens 
(bacteria, virus, or mycoplasma) in children with NP.

Statistical Analysis
SPSS 25.0 statistical software was employed for data processing. The continuous variables of a normal distribution were 
compared by t-test and expressed as X ± standard deviation, while the continuous variables of a non-normal distribution 
were compared by the Mann–Whitney test and expressed as the median of a quartile [M (P25, p75)]. Categorical 
variables were analyzed by χ2 test or Fisher’s exact test and expressed as numbers (n) and percentages (%). All samples 
were randomly divided into training and validation sets at a ratio of 7:3 using the “caret” package of R software. Least 
absolute shrinkage and selection operator (LASSO) regression of the “glmnet” package in R software was used to select 
variables, and multivariate logistic regression analysis was used to construct the nomogram model in training sets. The 
bootstrap method with 1000 repeated sampling, receiver-operating-characteristic (ROC) curve, the calibration curve, and 
the decision curve were used to evaluate the predictive ability of the nomogram model.
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Outcome
Clinical Characteristics
Among 282 children with NP, 89 (33%) were MNP. Bacteria are the most common pathogens causing NP. They were 
Streptococcus pneumoniae (53 cases), Staphylococcus aureus (27 cases), Haemophilus influenzae (26 cases), and 
Acinetobacter Baumannii(7 cases). Other pathogens included Legionella pneumophila (3 cases), Klebsiella pneumoniae 
(2 cases), Pseudomonas aeruginosa (1 case), Staphylococcus epidermidis (1 case), and Moraxella catarrhalis (1 case). 
There were significant differences between the two groups in haematogenous spread, digestive systemomplications, 
WBC, Hb, neutrophil percentage, lymphocyte percentage, CRP, PCT, AST, ALT, LDH, Alb, APTT, co-infection, closed 
thoracic drainage, surgery, hospitalization duration, and hospitalization expenses (P < 0.05). The remaining indicators 
were not statistically significant between the two groups (P > 0.05) (See Table 1).

Variable Selection
Since the aim of this study was to construct a model for early prediction of MNP, four variables (closed thoracic 
drainage, surgery, duration of hospitalization, and hospitalization expenses) representing the severity of the disease were 
excluded. Finally, 14 variables were chosen as candidate predictors, including haematogenous spread, digestive 

Table 1 The Clinical Characteristic and Laboratory Tests in MNP and Non-MNP

Overall (n=282) Non-MNP (n=188) MNP (n=94) P

General information

Age (mean (SD)), y 5.11 (3.96) 5.28 (4.04) 4.77 (3.79) 0.302

Weight (mean (SD)), kg 17.28 (10.18) 17.57 (9.59) 16.69 (11.29) 0.493

Sex (boy/girl), n 125/157 85/103 40/54 0.767

Clinical features

Cough, n (%) 255 (90.4) 175 (93.1) 80 (85.1) 0.053

Hemoptysis, n (%) 7 (2.5) 5 (2.7) 2 (2.1) 1

Chest pain, n (%) 36 (12.8) 25 (13.3) 11 (11.7) 0.85

Wheezing, n (%) 40 (14.2) 27 (14.4) 13 (13.8) 1

Shortness of breath, n (%) 50 (17.7) 28 (14.9) 22 (23.4) 0.11

Rales, n (%) 76 (27.0) 44 (23.4) 32 (34.0) 0.079

Duration of fever (median [IQR]), d 10.00 [6.00, 15.00] 10.00 [5.00, 15.00] 10.00 [7.00, 15.00] 0.868

Peak body temperature (median [IQR]), °C 39.50 [39.00, 40.00] 39.50 [39.00, 40.00] 39.50 [39.00, 40.00] 0.65

Haematogenous spread 11 (3.9) 1 (0.5) 10 (10.6) <0.001

Radiological features

Lobar consolidation, n (%) 86 (30.5) 55 (29.3) 31 (33.0) 0.615

Pleural effusion, n (%) 118 (41.8) 74 (39.4) 44 (46.8) 0.286

Atelectasis, n (%) 58 (20.6) 39 (20.7) 19 (20.2) 1.000

Complications

Digestive system, n (%) 82 (29.1) 47 (25.0) 35 (37.2) 0.046

Nervous system, n (%) 8 (2.8) 5 (2.7) 3 (3.2) 1

(Continued)
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Table 1 (Continued). 

Overall (n=282) Non-MNP (n=188) MNP (n=94) P

Urinary system, n (%) 2 (0.7) 1 (0.5) 1 (1.1) 1

Circulatory system, n (%) 27 (9.6) 17 (9.0) 10 (10.6) 0.83

Endocrine system, n (%) 9 (3.2) 3 (1.6) 6 (6.4) 0.072

Blood system, n (%) 60 (21.3) 36 (19.1) 24 (25.5) 0.28

Laboratory values

WBC (median [IQR]),109/L 12.66 [9.28, 17.09] 10.93 [8.42, 14.39] 17.01 [13.02, 22.56] <0.001

Hb (median [IQR]), g/L 110.38 [98.00, 122.75] 115.00 [102.00, 124.25] 102.00 [92.00, 115.75] <0.001

PLT (median [IQR]),109/L 453.00 [320.00, 562.75] 445.50 [323.75, 550.75] 459.00 [311.25, 606.00] 0.585

N% (median [IQR]) 62.05 [51.52, 74.97] 60.85 [49.17, 72.30] 68.50 [57.45, 78.18] 0.001

L% (median [IQR]) 26.40 [16.95, 38.08] 28.90 [18.88, 39.82] 21.70 [12.75, 31.84] <0.001

CRP (median [IQR]), mg/L 52.98 [14.07, 99.03] 30.20 [7.40, 75.23] 74.44 [47.61, 176.21] <0.001

PCT (median [IQR]), ng/mL 6.60 [0.41, 6.60] 3.96 [0.30, 6.60] 6.60 [1.19, 6.60] 0.001

AST (median [IQR]), U/L 18.00 [12.00, 35.30] 16.50 [12.00, 34.00] 23.50 [14.00, 38.75] 0.005

ALT (median [IQR]), U/L 32.00 [25.00, 49.00] 30.00 [23.75, 46.00] 39.00 [27.25, 53.00] 0.01

LDH (median [IQR]), U/L 322.50 [251.25, 395.50] 285.50 [233.75, 363.70] 393.00 [346.00, 500.50] <0.001

Alb (median [IQR]), g/L 33.30 [29.22, 36.95] 33.55 [30.37, 38.00] 31.85 [27.62, 34.25] <0.001

PT (median [IQR]), s 13.00 [11.90, 13.60] 13.00 [11.90, 13.60] 12.75 [12.00, 13.57] 0.555

APTT (median [IQR]), s 32.20 [26.83, 36.25] 33.25 [27.67, 37.10] 32.20 [25.90, 35.40] 0.023

FG (median [IQR]), g/L 4.53 [3.39, 5.43] 4.53 [3.35, 5.46] 4.53 [3.52, 5.29] 0.494

MP infection, (%) 62 (22.0) 46 (24.5) 16 (17.0) 0.204

Viral infection, n (%) 98 (34.8) 68 (36.2) 30 (31.9) 0.565

Bacterial infections, n (%) 46 (16.3) 32 (17.0) 14 (14.9) 0.776

Co-infection, n (%) 53 (18.8) 42 (22.3) 11 (11.7) 0.046

Treatment

Glucocorticoid, n (%) 70 (24.8) 42 (22.3) 28 (29.8) 0.223

IVIG, n (%) 15 (5.3) 8 (4.3) 7 (7.4) 0.398

ICU admission, n (%) 24 (8.5) 13 (6.9) 11 (11.7) 0.258

Thoracic close drainage, n (%) 28 (9.9) 10 (5.3) 18 (19.1) 0.001

Surgery, n (%) 85 (30.1) 48 (25.5) 37 (39.4) 0.025

Duration of hospitalization (mean (SD)), d 19.78 (12.26) 18.21 (11.88) 22.91 (12.46) 0.002

Hospitalization expenses (median [IQR]), $ 3303.00 [1718.00, 4640.00] 3005.00 [1517.00, 4276.00] 3784.00 [2342.00, 6250.00] 0.001

Abbreviations: MNP, massive necrotizing pneumonia; SD, standard deviation; IQR, interquartile range; WBC, white blood cell; Hb, hemoglobin; PLT, platelet; N%, 
percentage of neutrophils; L%, percentage of lymphocytes; CRP, C -reactive protein; PCT, procalcitonin; ALT, alanine aminotransferase; AST, alanine aminotransferase; Alb, 
albumin; LDH, lactate dehydrogenase; PT, prothrombin time; APTT, activated partial thromboplastin time; FG, Fibrinogen; MP, Fibrinogen; IVIG, intravenous immune globulin; 
ICU, intensive care unit.
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systemomplications, WBC, Hb, neutrophil percentage, lymphocyte percentage, CRP, PCT, AST, ALT, LDH, Alb, APTT 
and co-infection. Finally, haematogenous spread, WBC, Hb, CRP, APTT, and LDH were identified as risk factors for 
MNP using Lasso regression (see Figure 1).

Figure 2 Nomogram was plotted based on six optimal predictors for massive necrotizing pneumonia in children. 
Abbreviations: WBC, white blood cell; Hb, hemoglobin; CRP, C-reactive protein; LDH, lactate dehydrogenase; APTT, activated partial thromboplastin time.

Figure 1 Predictors’ selection using LASSO (least absolute shrinkage and selection operator) regression method. (A) LASSO coefficient profiles of the 14 variables. The 
coefficient profile plot was produced against the log (λ) sequence. (B) The best penalty coefficient lambda was selected using a tenfold cross-validation and minimization 
criterion. By verifying the optimal parameter (λ) in the LASSO model, the binomial deviance curve was plotted versus log (λ) and dotted vertical lines were drawn. 6 
variables with nonzero coefficients were selected by optimal lambda.
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Development of a Nomogram
A predictive nomogram containing six independent predictors (haematogenous spread, WBC, Hb, CRP, LDH, and 
APTT) was established by logistic regression (Figure 2). A patient with MNP who had haematogenous spread, for 
example, had a WBC of 15.5*109/L, Hb of 122 g/L, CRP of 200 mg/L, LDH of 590 U/L, and an APTT of 34s, totaling 
262 (87 + 31 + 27 + 48 + 41 +28). The predicted risk is 0.942 (Figure 2).

Figure 3 Receiver-operating-characteristic (ROC) curve of predictive nomogram in the training set and the validating set.

Figure 4 Calibration plots of the nomogram in (A) the training set and (B) the validating set.
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Validation and Evaluation of the Nomogram
The bootstrap method was used for repeated sampling 1000 times. The results showed that the consistency index of the 
nomogram model in predicting MNP was 0.833 in the training set and 0.810 in the validation set. The results of ROC 
curve analysis showed that the AUC of the nomogram model predicting MNP was 0.889 [95% CI (0.818, 0.959)] in the 
training set and 0.814 [95% CI (0.754, 0.874)] in the validation set, respectively (Figure 3). Figure 4 shows that the 
calibration curve of the nomogram model predicting MNP was basically close to the actual curve. The Hosmer- 
Lemeshow test showed good probability consistency between the predicted and actual probability in the training set 

Figure 5 Decision curve analysis (DCA) for the predictive model. (A) the training set. (B) the validating set.

Figure 6 Clinical impact curves for the predictive model. (A) the training set. (B) the validating set.
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and validation set (P = 0.211 and P = 0.792, respectively). The results of the decision curve analysis showed that when 
the threshold probability was between 0.10 and 0.70, the net benefit rate of the nomogram model in predicting MNP was 
greater than 0 in both the training set and the validation set, as shown in Figure 5. When the high-risk threshold was 
greater than 0.2 and 1000 patients were used for prediction, the clinical impact curve analysis revealed that the predicted 
number of patients was close to the actual number of patients (Figure 6).

Discussion
NP belongs to severe pneumonia, which is a serious complication of CAP. It has been reported that the proportion of NP 
in CAP can reach 7%, which seriously affects the health of children. The average hospitalization cost for each child with 
NP in this study was US $3303, a substantial financial burden for most families. Therefore, if an effective method can be 
explored to predict the occurrence of MNP, it is likely to be of important guiding value for clinicians to judge the 
condition of children with CAP and make reasonable treatment plans. However, there are many risk factors for MNP. 
How to select predictive indicators and establish a good predictive model has become one of the most urgent clinical 
problems to be solved. The nomogram model can screen risk factors using a multivariate logistic regression model and 
transform complex regression equations and related risk factors into visual graphs that can be used as an endpoint event 
prediction tool.17 Because of its advantages of being intuitive and simple to understand, it has been widely used in 
disease prediction. In this study, a nomogram was developed based on six predictors, including haematogenous spread, 
WBC, Hb, CRP, LDH, and APTT. The validation of the model showed good prediction accuracy, calibration, and clinical 
practicability.

The variable haematogenous spread was selected as a predictor in this nomogram. Hematogenous infection is defined 
as the pathogen that causes NP not through direct respiratory infection but through blood flow from other parts of the 
body to the lungs. Only 11 patients (3%) developed NP as a result of haematogenous infection in our study, indicating 
that haematogenous spread is not the primary route of NP transmission. Of the 11 patients, 8 cases had pyogenic 
osteomyelitis or arthritis, and the causative bacteria in these cases were all Staphylococcus aureus (SA). The mechanism 
of NP caused by SA is mainly by adhering to and destroying respiratory cells. The inflammatory storm caused by SA will 
lead to apoptosis of tissue cells and necrosis of the alveolar membrane. Due to the widespread use of antibiotics in recent 
years, NP caused by methicillin-resistant Staphylococcus aureus (MRSA) has been widely reported. Li et al6 described 
a case of MRSA-caused community-acquired necrotizing pneumonia in which the child developed severe encephalitis as 
a result of a haematogenous infection. Our study confirmed that SA is more likely to cause MNP than other pathogens, 
and NP caused by SA requires a longer hospital stay and a higher proportion of surgery. It is suggested that we should 
always be alert to the possibility of systemic dissemination of SA infection, especially in the lungs, in the diagnosis and 
treatment of SA sepsis in children.

WBC and CRP are common markers of inflammation and are often used to predict the severity of pneumonia. As an 
important enzyme in the glycolytic pathway, LDH is widely distributed in all tissues of the body and is released into the 
blood in large quantities during inflammatory response. Therefore, LDH is also often used as a predictor of severe 
pneumonia.18,19 A retrospective analysis of NP by Li et al11 found that CRP is an independent predictor of the degree of 
lung necrosis. CRP > 48.35 mg/L had a high predictive value for the diagnosis of NP, according to Qian et al.7 Zhou 
et al20 found that WBC and CRP in the NP group caused by Mycoplasma pneumoniae were significantly higher than 
those in non-NP group. WBC > 12.3×10 9/L was found to be a predictor of lung necrosis by Zheng et al.21 WBC, CRP, 
and LDH were also selected as predictors in our prediction model, which was consistent with the conclusions of previous 
studies.

Although hemoglobin was frequently overlooked in NP research, secondary hemophagocytic lymphohistiocytosis 
(HLH) caused by severe pneumonia in children has been widely reported.22,23 The decrease of Hb is an important clinical 
manifestation of HLH. Therefore, we also analyzed the differences in Hb between the non-MNP and the MNP group, and 
found that Hb was an important correlation index of MNP. The occurrence of secondary HLH is related to the excessive 
activation of the systemic immune response, and the excessive immune response is an important pathogenesis of NP. The 
attention we pay to Hb will help us predict the occurrence of MNP in the early stages so as to carry out anti-inflammatory 
treatment as soon as possible.
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The development of NP is not independently affected by a single factor, but is the comprehensive result of a variety of 
confounding factors. Therefore, the prediction of disease by a single indicator in previous studies is not clinically 
practical. Our model selected the optimal predictors from a wide range of confounders, and we were able to directly 
calculate the probability of MNP in a case of pneumonia with the visual nomogram. This greatly improves prediction 
accuracy and utility.

Our study still has some limitations. First, prediction models are best developed by validation in multiple centers, but 
multicenter data on NP are lacking. Second, due to the high absence rate, some predictors, such as D-dimer and INF-γ, 
were considered to be important predictors of the severity of NP but were excluded. Finally, as this study is retrospective, 
there are inevitably some selection biases.

Conclusions
We developed a nomogram for predicting MNP, which can help clinicians identify the severity of lung necrosis early.
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