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Purpose: Early diagnosis of refractory Mycoplasma pneumoniae pneumonia (RMPP) is challenging because of the lack of practical 
diagnostic imaging tools. Lung ultrasound (LUS) is an emerging tool for diagnosing childhood pneumonia. Hence, we evaluated the 
role of a nomogram combining LUS findings, clinical features, and laboratory indices in the early prediction of RMPP in children.
Patients and Methods: We retrospectively analyzed 225 children with Mycoplasma pneumoniae pneumonia (MPP) admitted to our 
hospital between Dec 2018 and Aug 2021. Logistic regression analysis incorporated LUS findings and clinical predictors into the 
nomogram. Ninety patients hospitalized from Sep 2021 to Dec 2021 were used for external validation of the prediction model. 
Receiver operating characteristics (ROC) and calibration curves were used to evaluate the performance of the nomogram in the early 
diagnosis of RMPP.
Results: Ultimately, Consolidation size /BSA (odds ratio (OR) 1.015, 95% confidence interval (CI) 1.536–2.446), Pleural Effusion 
(OR 3.551, 95% CI 1.921–15.600), LDH (OR 1.044, 95% CI 1.006–1. 021) and CRP (OR 3.293, 95% CI 1.019–1.098) were 
independent risk factors for the development of RMPP. The prediction model was represented visually as a nomogram. The area under 
the ROC curve for the predictive nomogram was 0.955 (95% CI 0.919–0.978) in the training cohort and 0.916 (95% CI 0.838–0.964) 
in the validation cohort. The calibration curve is close to the diagonal.
Conclusion: This is the first-time lung ultrasound was added to the predicted nomogram, which can more comprehensively assess the 
condition and more accurately predict the occurrence of RMPP early. Therefore, this nomogram can be widely used in the early 
diagnosis of RMPP, especially in primary care hospitals.
Keywords: predictive model, risk factors, diagnosis, Mycoplasma pneumoniae pneumonia

Introduction
Mycoplasma pneumoniae (M. pneumoniae) is common community-acquired pneumonia (CAP) pathogen in school-age 
children. M. pneumoniae infections occur throughout the year but are more prevalent in summer and autumn, with 
outbreaks occurring every 2–3 years.1 In the past ten years, among children with CAP hospitalized in northern China, the 
incidence of M. pneumoniae pneumonia (MPP) was as high as 37.5%.2 Conventional wisdom holds that MPP is mild, 
self-limiting, and not associated with severe complications.3 The incidence of refractory M. pneumoniae pneumonia 
(RMPP) has been increasingly reported due to the emergence of macrolide-resistant strains of M. pneumoniae.3 The 
diagnostic criteria for RMPP in children remain not standardized. Generally, MPP with persistent high fever and 
worsening lung imaging findings after treatment with azithromycin or erythromycin for seven days or more is called 
RMPP.4 Compared to CMPP, RMPP presents with severe clinical symptoms, longer hospital stays, and is prone to 
intrapulmonary complications like pleural effusion, pulmonary embolism, and pulmonary infarction, as well as 
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extrapulmonary complications like hemolysis, mucosal skin disease, and central nervous system infections.1 Macrolide 
antibiotics are currently effective in treating Mycoplasma pneumoniae pneumonia,5 but patients with RMPP usually 
require a longer course of antibiotics and higher doses of glucocorticoids and immunoglobulins. Therefore, it is 
imperative to identify methods for the early diagnosis of RMPP.

Early diagnosis of RMPP is challenging due to the lack of practical imaging diagnostic tools. The mainstream early 
predictive models combine clinical symptoms, physical examination findings, and laboratory indices. Among predictive 
models, including clinical symptoms, researchers have found that age,6 the duration of fever,7 and pleural effusion8 are 
common predictors of RMPP. The risk of RMPP increases with increasing age at onset and prolonged duration of fever. 
Among predictive models, including laboratory indicators, recent studies have found that the levels of LDH and CRP9 in 
the blood are the best predictors of RMPP. Some studies have also found inflammatory indicators in the blood, such as 
DD,10 SF, IL-18,11 ALB,12 the neutrophil-to-lymphocyte ratio (NLR) and the mean platelet volume-to-lymphocyte ratio 
(MPVLR),13 are suitable for predicting RMPP. Increased IL-17A in bronchoalveolar lavage fluid is an independent risk 
factor for RMPP.14

In actual clinical practice, lung images of RMPP often show lobar or segmental changes, and imaging assessment 
primarily relies on chest X-ray (CXR).15 Therefore, some researchers have added CXR findings to the design of RMPP 
prediction models. Bi et al7 found that large-area lung consolidation was a risk factor for developing RMPP; Cheng 
et al12 found that CXR showed that consolidation in more than two-thirds of the lung was predictive of bronchiolitis 
obliterans (BO) in children with RMPP. The findings of these studies indicate that pulmonary imaging assessment is vital 
for the early diagnosis and prognosis determination of RMPP. However, the poor sensitivity of CXR in diagnosing 
pneumonia,16 coupled with the drawbacks of radiation exposure and the lack of specific quantitative indicators, make it 
challenging to enter CXR results into predictive models of RMPP. Although chest CT is superior to CXR in diagnosis, its 
radiation harm is more severe than that of CXR, limiting its application in children. Therefore, exploring a safe, accurate, 
efficient, and quantifiable diagnostic imaging tool for children is urgent. Numerous studies have confirmed that lung 
ultrasound (LUS), a safe, portable, and effective new diagnostic imaging tool,17 can be applied to diagnose CAP in 
children with high sensitivity and specificity.

LUS is widely used to diagnose and follow up CAP in adults and children. LUS is an ideal alternative to CXR, and its 
diagnostic value in CAP in children is comparable to or even better than that of CXR.17,18 Consolidation is the most 
common manifestation of CAP in LUS in children. Researchers have demonstrated that LUS is more sensitive than CXR 
in detecting consolidation,19 and LUS has higher accuracy than chest CT.20 There are few studies evaluating pneumonia 
conditions, especially in identifying RMPP.

Graphical Abstract
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This study aimed to explore the role of a nomogram combining LUS parameters, clinical features, and laboratory 
indices in the early prediction of RMPP in hospitalized children.

Materials and Methods
Study Design and Patients
In this retrospective observational study, children aged 1–14 years with MPP combined with pulmonary consolidation 
who were hospitalized in Taian Maternity and Child Health Care Hospital were analyzed. It is a 700-bed tertiary care 
children’s hospital. The Ethics Committee of Taian Maternity and Child Health Care Hospital approved the study 
(LW202203). Data collection began only after written informed consent was obtained from the children’s families. This 
study complies with the Declaration of Helsinki.

In the training cohort, the retrospective study included 247 children admitted to Taian Maternity and Child Health 
Care Hospital in Shandong Province, China, between Dec 2018 and Aug 2021. In the validation cohort, 90 children were 
hospitalized at Taian Maternal and Child Health Care Hospital from September 2021 to December 2021. All children 
were admitted to the hospital with signs and symptoms of pneumonia, including fever, cough, lung rales, and solid lung 
changes on chest radiograph or chest CT. The diagnosis of MPP was based on one of the following laboratory findings: 
a positive serological test result (MP-IgM positive or antibody titer>1:160) or a positive nasopharyngeal swab for MP- 
RNA. The exclusion criteria included: 1. Children with underlying medical conditions, including congenital pulmonary 
dysplasia, heart disease, pulmonary tuberculosis, and autoimmune disease; 2. LUS was not completed within five days 
after admission; 3. Children with similar medical conditions in the last three months; 4. Nasopharyngeal secretions from 
children were positive for the respiratory syncytial virus, influenza virus, adenovirus, parainfluenza virus, and chlamydia 
trachomatis; 5. children have laboratory indicators that may indicate the presence of a bacterial infection (positive sputum 
culture, positive blood culture, etc.); 6. children whose condition worsened and required transfer to the pediatric intensive 
care unit (PICU); and 7. the patient’s treatment was incomplete, or the child’s family refused to participate in the study.

Data Collection
The data collected from the enrolled children included: demographic information (age, sex, and weight of the children), 
clinical manifestations (the duration of fever before admission and the presence of hyperpyrexia, chest /abdominal pain, 
rash, wheezing, and sputum sounds), and laboratory indicators (white blood cell count, neutrophil ratio, C-reactive 
protein, alanine aminotransferase, lactate dehydrogenase, and prealbumin). Lung Ultrasound parameters, including the 
position and size of subpleural consolidation (as measured on the transverse axis, longitudinal axis, and sagittal axis), 
B-line around the consolidation, air-bronchogram sign, liquid-bronchogram sign, Doppler of consolidation area, and 
pleural effusion, were examined.

LUS Procedure
Three attending ultrasonographers completed the LUS examinations within five days of the admission of the children. All 
three sonographers had more than ten years of experience in pediatric ultrasound and had been performing LUS 
examinations in children for more than one year. LUS was performed using a Philips (EPIQ5, EPIQ7) ultrasound 
machine with convex array probe C5-1 and linear array probe eL18-4.21 The children were placed in a sitting or supine 
position. The children were first assessed for lung consolidation in both lungs using the convex array probe (1–5 MHz); 
the lungs were divided bilaterally into twelve regions, six on the right (right anterior superior, right anterior inferior, right 
superior axillary, right inferior axillary, right posterior superior, and right posterior inferior regions) and six on the left 
(left anterior superior, left anterior inferior, left superior axillary, left inferior axillary, right posterior superior, and right 
posterior inferior regions). The sonographer scanned each lung region of the children longitudinally (with the probe 
perpendicular to the rib cage) and transversely (with the probe parallel to the rib space) and saved the images. The 
maximum dimension on each of three-axis on LUS was recorded (Figure 1). Then, the air-bronchogram sign, liquid- 
bronchogram sign, blood flow, and other parameters in the area of lung consolidation were assessed using a linear array 
probe (4–18MHz).
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Definitions
The B-line is a comet tail-like artifact arising from the pleural line, perpendicular to the pleura in a radial pattern, 
extending to the edge of the screen. It generally moves with the lung slide.22 Scattered B lines: the number of B lines in 
one rib gap≤3; Dense B-lines: The B-lines fuse with each other throughout the rib space and are difficult to distinguish 
and count, while the acoustic rib shadow remains visible; Fused B-lines: the entire intercostal space shows too dense 
B-lines, failing to deliver the acoustic rib shadow;21 The air-bronchogram sign is defined as punctate or linear 
hyperechoic artifacts within the lung consolidation.23 The liquid-bronchogram sign is defined as a dendritic hypoechoic 
distribution along the airways within the lung consolidation.24 The vascular pattern on Color Doppler appears as 
a dendritic blood flow signal observed in solid lung tissue. The maximum diameter of lung consolidation defines the 
size of the consolidation. The ratio of the size of the consolidation to the body surface area (consolidation size /BSA) was 
used to correct the size of solid lung lesions at different ages. Diagnostic procedures for RMPP: Three pediatricians 
reviewed all clinical and imaging data (chest radiographs or chest CT) of the enrolled children but not the LUS findings. 
They voted on the diagnosis of RMPP based on the diagnostic criteria and their clinical experiences. The diagnostic 
criteria for RMPP were persistent high fever and worsening lung imaging findings despite treatment with azithromycin or 
erythromycin for more than seven days.4 Those who met the above criteria were included in the RMPP group, and those 
who did not were included in the CMPP group.

Design and Validation of the Predictive Nomogram
This study used binary logistic regression analysis to evaluate the factors predicting the occurrence of RMPP. The 
independent variables that were significant in the univariate analysis were included in the logistic regression 
analysis to screen for independent risk factors predicting the event of RMPP and build a prediction model. The 
prediction model was converted into a visual nomogram in R software. The accuracy of the nomogram model was 
evaluated using receiver operating characteristic (ROC) curves, and calibration curves validated the nomogram 
model.

Statistical Analysis
SPSS Statistics (version 21.0) and R software (version 4.0.3) were used for statistical analysis. The mean ± standard 
deviation (mean ± SD) or median (interquartile range (IQR)) was used to express differences in continuous variables 
between the two groups. When the data were normally distributed, an independent-sample t-test was used. The Mann– 

Figure 1 Lung ultrasound imaging. (A) The longitudinal axis dimension of lung consolidation (line a); (B) The transverse axis and sagittal axis dimensions of lung 
consolidation (lines b and c, respectively).
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Whitney test was used when the data were normally distributed. Categorical variables are expressed as a rate (%) and 
were compared between two groups using the Pearson χ2 or Fisher exact test. P < 0.05 was considered statistically 
significant.

Results
General Features
In the training cohort, as shown in the study flow chart (Figure 2), we finally enrolled 225 children, 126 boys, and 99 
girls, with a median age of 5 (3.4–6.8) years. Twenty-two children were excluded from the study, including 9 children 
who did not complete the LUS examination within 5 days of admission, 6 children with incomplete clinical data, 5 
children with co-infection with bacteria, 1 child with underlying medical conditions, and 1 child with similar diseases in 
the last three months.

In the validation cohort, 90 hospitalized children were enrolled, 40 boys and 50 girls, with a median age of 5.3 (3.5– 
6.6) years, and their data were used for external validation of the prediction model (Table 1).

Eventually, 161 children were enrolled in the CMPP group, and 64 were enrolled in the RMPP group. There 
were no significant differences in sex, age, or weight between the two groups (P>0.05). The duration of fever, the 
proportion of children with hyperpyrexia, the white blood cell count, the neutrophil ratio, CRP, ALT, prealbumin, 
and LDH were higher in the RMPP group than in the CMPP group, and the differences were statistically 
significant (P<0.05). There were no significant differences in other clinical symptoms, such as the duration of 
fever before admission and the proportion of children with wheezing and sputum sounds, between the two groups 
(P>0.05). The above-detailed results are shown in Table 2.

LUS Findings of the CMPP and RMPP Patients
LUS examinations were completed within five days of the admission of children in both the RMPP and CMPP groups. 
The comparison of the ultrasound manifestations and color Doppler ultrasound findings between the two groups is 
shown in Table 3. This study focused on analyzing the main LUS parameters of MPP, including B-lines, air- 
bronchogram signs, liquid-bronchogram signs, lung consolidations, and pleural effusion. We measured the lateral, 
longitudinal, and sagittal dimensions of the lung consolidation area and recorded the maximum values. 
Consolidations were mainly unilateral in the RMPP and CMPP groups (92.2% vs.84.5%, χ2=2.359, P>0.05). The 
mean maximum diameter of the lung consolidation (or atelectasis) area in the RMPP group was 6.3 cm, significantly 
greater than the 3.2 cm in the CMPP group (χ2=−10.336, P<0.001). Consolidation size /BSA represents the size of the 
consolidation after correction of the body surface area, with a median of 8.3 cm in the RMPP group, which was also 
significantly greater than the 4.0 cm in the CMPP group (χ2=−9.277, P<0.001). Dense B-lines were found around the 
lung consolidations in the RMPP group, but no scattered B-lines or fused B-lines were found, with no statistically 
significant differences between the two groups (P>0.05). In the RMPP group, the air bronchogram signs in lung 

Figure 2 Study flow chart. (A) Training cohort; (B) Validation cohort. 
Abbreviations: CMPP, common M. pneumoniae pneumonia; RMPP, Refractory M. pneumoniae pneumonia.
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consolidation areas were less than those in the CMPP group (73.4% vs 95.7%), but the liquid bronchogram signs were 
significantly more than those in the RMPP group (15.6% vs 1.9%, χ2=23.717, P<0.001). The pleural effusion incidence 
was significantly higher in the RMPP group than in the CMPP group (64.1% vs 29.8%, χ2=22.467, P<0.001). Color 
Doppler ultrasound was mainly used to evaluate the blood flow within the consolidation. We found that the two groups 
of children had similar blood flow distribution in the consolidation area, with no statistically significant difference 
(97.5% vs 96.9%, P>0.05).

Developing the Nomogram in the Training Cohort
Pleural effusion (odds ratio (OR) 3.551, 95% confidence interval (CI) 1.921–15.600), LDH (OR 1.044, 95% CI 1.006– 
1.021), CRP (OR 3.293, 95% CI 1.019–1.098), and Consolidation size /BSA (OR 1.015, 95% CI 1.536–2.446), when 

Table 1 Baseline Characteristics of All Patients in the Training and Validation Cohorts

Characters Training Cohort 
(n=225)

Validation Cohort 
(n=90)

P value

Female, n (%) 99 (44) 50 (55.6) 0.063

Age, median (IQR), years 5.0 (3.4–6.8) 5.3 (3.5–6.6) 0.879

Weight, median (IQR), kg 19 (16–24) 21 (16–27) 0.097
Duration of fever before admission median 

(IQR), days

6 (4–7) 5 (4–7) 0.044

Fever duration median (IQR), days 7 (5–9) 7 (5–9) 0.981
Hyperpyrexia (%) 167 (74.2) 70 (77.8) 0.509

Chest/abdomen Pain, n (%) 33 (14.7) 8 (8.9) 0.169
Wheezing, n (%) 22 (9.8) 10 (11.1) 0.723

Rales, n (%) 121 (53.8) 51 (56.7) 0.642

WBC, median (IQR), 109/L 8.08 (6.21–9.89) 7.50 (6.35–9.61) 0.440
NR, n (%) 56.30 (47.50–64.50) 57.45 (50.50–62.20) 0.265

CRP, median (IQR), mg/L 13 (7–27) 17 (9–30) 0.210

ALT, median (IQR), U/L 15 (12–21) 15 (13–25) 0.385
Prealbumin, median (IQR), mg/L 111 (94–136) 114 (95–132) 0.865

LDH, median (IQR), U/L 306 (263–337) 309 (272–395) 0.08

B lines
Scattered B-lines, n (%) 3 (1.3) 1 (1.1)

Dense B-lines, n (%) 218 (96.9) 88 (97.8)

Fused B-lines, n (%) 4 (1.8) 1 (1.1) 0.09
Consolidation
Size, median (IQR), cm 4.0 (2.3–5.6) 4.4 (3.3–5.3) 0.176

Consolidation size /BSA median (IQR) 5.1 (3.2–6.9) 5.3 (3.7–6.7) 0.572
Unilateral, n (%) 195 (86.7) 80 (88.9) 0.593

Bronchogram
Air, n (%) 201 (89.3) 84 (93.3) 0.275
Liquid, n (%) 13 (5.8) 4 (4.4) 0.786

CDFI, n (%) 219 (97.3) 88 (97.8) 1.00

Pleural Effusion, n (%) 89 (39.6) 24 (26.7) 0.031

Notes: Variables are expressed as percentages or medians. 
Abbreviations: CMPP, Common M. pneumoniae pneumonia; RMPP, Refractory M. pneumoniae pneumonia; IQR, Interquartile 
Range; WBC, White Blood Cell Count; NR, Neutrophil Ratio; CRP, C-Reactive Protein; ALT, Alanine Aminotransferase; LDH, 
Lactate-Dehydrogenase; Hyperpyrexia, Maximum body temperature≥39°C. Scattered B lines, the number of B lines in one rib 
gap≤3; Dense B-lines, The B-lines fuse with each other throughout the rib space and are difficult to distinguish and count, while 
the acoustic rib shadow remains visible; Fused B-lines, the entire intercostal space shows too dense B-lines, failing to deliver the 
acoustic rib shadow; Size of consolidation, the maximum diameter of lung consolidation; BSA, Body surface area; Consolidation 
size /BSA, Size of consolidation corrected by BSA; Air, the presence of bronchograms of air; Liquid, the presence of bronchograms 
of fluid; CDFI, Color Doppler Blood Flow Image.
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entered the prediction model, were independent risk factors for the occurrence of RMPP (Table 4). Predictive models are 
represented as nomogram visualizations (Figure 3).

Validation of the Nomogram
In the training cohort, the AUC of the predictive model was 0.955 (95% CI 0.919–0.978). (Figure 4). The AUC of 
the predictive model in the validation cohort was 0.916 (95% CI 0.838–0.964). The calibration curve of the 

Table 3 LUS Findings of the CMPP and RMPP Patients

Characters CMPP Group (n=161) RMPP Group (n=64) χ2/Z P value

B lines
Scattered B-lines, n (%) 3 (1.9) 0 (0.0)
Dense B-lines, n (%) 154 (95.7) 64 (100)

Fused B-lines, n (%) 4 (2.5) 0 (0.0) 1.816 0.346

Consolidation
Size, median (IQR), cm 3.2 (1.7–4.6) 6.3 (5.5–8.2) −9.868 <0.001

Consolidation Size /BSA median (IQR) 4.0 (2.0–5.8) 8.3 (6.4–10.6) −9.277 <0.001

Unilateral, n (%) 136 (84.5) 59 (92.2) 2.359 0.125
Bronchogram
Air, n (%) 154 (95.7) 47 (73.4) 23.717 <0.001
Liquid, n (%) 3 (1.9) 10 (15.6) <0.001

CDFI, n (%) 157 (97.5) 62 (96.9) 1.000

Pleural Effusion, n (%) 48 (29.8) 41 (64.1) 22.467 <0.001

Notes: Variables are expressed as percentages or medians. 
Abbreviations: CMPP, Common M. pneumoniae pneumonia; RMPP, Refractory M. pneumoniae pneumonia; IQR, Interquartile Range; 
Scattered B lines, the number of B lines in one rib gap≤3; Dense B-lines, The B-lines fuse with each other throughout the rib space and 
are difficult to distinguish and count, while the acoustic rib shadow remains visible; Fused B-lines, the entire intercostal space shows too 
dense B-lines, failing to deliver the acoustic rib shadow; Size of consolidation, the maximum diameter of lung consolidation; BSA, Body 
surface area; Consolidation size /BSA, Size of consolidation corrected by the BSA; Air, the presence of bronchograms of air; Liquid, the 
presence of bronchograms of fluid; CDFI, Color Doppler Blood Flow Image.

Table 2 Baseline Information of the CMPP and RMPP Patients

Characters CMPP Group (n=161) RMPP Group (n=64) Z P value

Female, n (%) 74 (46.0) 25 (39.1) 0.885 0.347
Age, median (IQR), years 4.8 (3.4–6.6) 6 (3.5–7.0) −1.466 0.143

Weight, median (IQR), kg 18 (16–25) 20 (16–24) −0.663 0.507

Duration of fever before admission median (IQR), days 5 (4–7) 6 (5–7) −1.772 0.076
Fever duration median (IQR), days 6 (5–7) 10 (9–13) −9.603 <0.001

Hyperpyrexia (%) 107 (66.5) 60 (93.8) 17.826 <0.001

Chest/abdomen Pain, n (%) 19 (11.8) 14 (21.9) 3.713 0.054
Wheezing, n (%) 16 (9.9) 6 (9.4) 0.016 0.898

Rales, n (%) 89 (55.3) 32 (50.0) 0.514 0.474
WBC, median (IQR), 109/L 7.44 (6.09–9.14) 9.13 (7.01–11.7) −3.406 0.001

NR, n (%) 53.70 (42.85–61.35) 62.45 (54.33–70.78) −5.212 <0.001

CRP, median (IQR), mg/L 10 (6–19) 27 (13–47) −6.141 <0.001
ALT, median (IQR), U/L 15 (12–19) 19 (15–30) −3.789 <0.001

Prealbumin, median (IQR), mg/L 114 (98–142) 109 (75–120) −2.371 0.018

LDH, median (IQR), U/L 289 (254–322) 356 (313–463) −7.211 <0.001

Notes: Variables are expressed as percentages or medians. 
Abbreviations: CMPP, Common M. pneumoniae pneumonia; RMPP, Refractory M. pneumoniae pneumonia; IQR, Interquartile Range; WBC, White Blood 
Cell Count; NR, Neutrophil Ratio; CRP, C-Reactive Protein; ALT, Alanine Aminotransferase; LDH, Lactate-Dehydrogenase; Hyperpyrexia, Maximum body 
temperature≥39°C.
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nomogram shows a high degree of agreement between the predicted and observed probabilities in the training 
cohort and validation cohort (Figure 5).

Discussion
Macrolides are the first-line antibiotics for treating MPP. As macrolide-unresponsive RMPP continues to emerge, only 
drugs such as minocycline or fluoroquinolones are available for treatment; however, the safety of these two classes of 
drugs in children remains to be studied.25 Zhai et al26 found that the course of antibiotics for RMPP was significantly 
longer than that for children with CMPP, requiring two or even longer infusion courses. Because RMPP has an 
overwhelming immune response and is prone to extrapulmonary complications such as mycoplasma encephalopathy, 
liver injury, myocardial injury, glucocorticoid, immunoglobulin, liver-protecting, and heart-protecting drugs are also used 
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Figure 3 Nomogram for predicting RMPP. 
Abbreviations: RMPP, Refractory M. pneumoniae pneumonia; Consolidation Size/BSA, Size of Consolidation corrected by BSA; BSA, Body surface area.

Table 4 Stepwise Logistic Regression Analysis for the Independent Variable Predicting the RMPP

Variables β S.E Wals df P Odds Ratio 95% CI for OR

Lower Upper

Pleural Effusion 1.700 0.534 10.125 1 0.001 3.551 1.921 15.600

CRP 0.056 0.019 8.617 1 0.003 3.293 1.019 1.098
LDH 0.013 0.004 13.904 1 0.000 1.044 1.006 1.021

Consolidation size/BSA 0.662 0.119 31.101 1 0.000 1.015 1.536 2.446

Constant −11.359 1.747 42.261 1 0.000 0.000

Abbreviations: RMPP, Refractory M. pneumoniae pneumonia; CRP, C-Reactive Protein; LDH, Lactate-Dehydrogenase; 
Consolidation size/BSA, Size of consolidation corrected by the BSA; BSA, Body surface area.
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in its treatment. Fiberoptic bronchoscopy is also a method of treatment for RMPP combined with pulmonary 
atelectasis.27 Glucocorticoids were applied in our collection of children in the RMPP group; nearly 1/3 of them 
underwent alveolar lavage treatment via fiberoptic bronchoscopy. The above treatment options indicate that RMPP is 
much more complex and expensive than CMPP. Early diagnosis of RMPP can help clinicians to provide more aggressive 
treatment and thus reduce the incidence of complications and sequelae. In this study, we developed an early prediction 
model of RMPP in children, which included LUS parameters, clinical manifestations, and laboratory indicators. To 
achieve this goal, we screened the predictive variables for RMPP through logistic regression analysis to build 
a nomogram. Finally, consolidation size /BSA, pleural effusion, LDH, and CRP have entered the predictive model. 
The ROC and calibration curves analysis confirmed that the prediction nomogram has good discriminatory and 
calibration power.

Figure 5 Calibration curve for predictive models. (A) Training cohort; (B) Validation cohort.
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Figure 4 ROC curves. (A) Training cohort; (B) Validation cohort. 
Abbreviation: AUC, the area under the ROC curves.
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Pulmonary imaging in RMPP usually shows extensive consolidation or atelectasis in one or more lobes and pleural 
effusion.15 In practical clinical work, imaging evaluation primarily relies on CXR or chest CT.28 CXR is fast, 
inexpensive, and widely used in outpatient, emergency, and primary ward hospitals. However, CXR lacks accuracy 
and reliability in diagnosing pneumonia and exposes children to ionizing radiation; furthermore, the interobserver 
agreement is low.16,29 CT has been used as the gold standard for pneumonia imaging in studies of adult patients, 
showing a high degree of accuracy.30 Although chest CT is superior to CXR, its radiation harm is more severe than CXR, 
limiting its application in children. Because of the cognitive state of children, sedation or even anesthesia is often needed 
for chest CT examination, which also increases the difficulty of implementing chest CT.

Furthermore, CT equipment’s high cost and training costs limit its popularization and application in primary 
hospitals.31 Therefore, exploring a safe, accurate, efficient, and economical imaging diagnostic tool for children is 
urgent. Many studies have confirmed18 that LUS, as a safe, portable, and effective new imaging diagnostic tool, can be 
applied to diagnose pneumonia in children. In children with suspected CAP, LUS is more effective than physical 
examination alone or physical examination combined with laboratory indices and CXR in diagnosing the disease.32 

Compared with CXR, LUS has better sensitivity and similar specificity in diagnosing pneumonia in children and can 
detect abnormal lung lesions that are not easily seen by CXR, such as small lung consolidations and pleural 
effusions.33,34 The above studies mainly focus on the role of LUS in diagnosing suspected pneumonia in children, but 
few studies evaluate pneumonia conditions, especially identifying RMPP. Our study filled this gap and found that LUS 
can effectively identify RMPP.

Through LUS, we found that 92.2% of lung consolidation (or atelectasis) caused by RMPP was unilateral. The median 
size of consolidation in RMPP was 6.3 cm, significantly greater than the 3.2 cm in CMPP (χ2=−10.336, P<0.001). 
Assessment of the consolidation size is influenced by age because children are a particular group of patients whose lung 
volume increases with age. While there is no accepted method to correct for age, we tried to correct the consolidation size in 
children of different ages using the ratio of the actual measured size to the body surface area (BSA), and the corrected 
values were expressed as consolidation size /BSA. The median consolidation size /BSA value in the RMPP group was 8.3, 
significantly higher than that in the CMPP group. Our study confirmed that consolidation size corrected for BSA remained 
an independent risk factor for RMPP and entered the prediction model. Several studies confirmed7,12,26 that unilateral 
pulmonary solidity or atelectasis was the most critical risk factor for developing RMPP, which was consistent with our 
findings. Musolino et al35 showed that 63.6% of patients with complicated pneumonia had a lung consolidation size ≥5 cm 
in LUS. Pulmonary consolidation under LUS is tissue-like hypoechoic areas under the pleura, indicating that air is replaced 
by fluid in the alveoli of the lesion area, and large consolidation can appear directly as liver-like tissue. Electronic 
bronchoscopy in children with RMPP shows that the necrotic bronchial mucosa loses its ability to expel sputum and 
many secretions or mucus embolize the distal bronchus, which is the main reason for the failure of pulmonary consolidation 
or atelectasis to improve; therefore, lobar pulmonary solidity or atelectasis is the primary imaging features of RMPP. In our 
current study, the assessment of consolidation sizes by LUS confirmed the above point.

In the RMPP group, nearly two-thirds of the children had pleural effusion, and in the CMPP group, less than one-third 
had pleural effusion. Logistic regression analysis identified pleural effusion as an independent risk factor for developing 
RMPP and entered the prediction model (OR 3.551, 95% CI 1.921–15.600, P=0.01). As a traditional tool for evaluating 
pleural effusion, LUS can identify a small amount of pleural effusion with high sensitivity.20 Although their study 
enrolled only 18 patients, Kurian et al found that chest ultrasound and chest CT were similar in detecting pleural effusion 
due to pneumonia. These findings are consistent with the majority of previously published studies. Musolino et al found 
pleural effusions in 63.1% of children with complicated pneumonia.35 Lee et al8 confirmed that pleural effusion is a risk 
factor for nonresponse to treatment or the progression of MPP in children (OR 5.127, 95% CI 1.404–18.727). YY Ling 
et al13 found that pleural effusion was an independent risk factor for RMPP in children over six years of age (OR 3.023; 
95% CI 1.424–6.420, P=0.004). The current study only deals with the qualitative assessment of pleural effusion and 
lacks a quantitative evaluation, which may affect its contribution to the early diagnosis of RMPP.

Both groups had air bronchograms in the consolidation area, consistent with Urbankowska E et al,36 who found air 
bronchograms in 76.5% of lung consolidations. The air bronchogram sign in the CMPP group was significantly greater 
than that in the CMPP group (95.7% vs 73.4%), while the liquid bronchogram sign was less than that in the CMPP group 
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(1.9% vs 15.6%, χ2=23.717, P<0.001). Musolino et al35 found that an increase in the air bronchogram sign in the 
consolidation area is a sign of the regression of lung consolidation. In contrast, the presence of bronchial fluid in the 
consolidation area is a sign of the progression of lung consolidation. Therefore, the results indicate that the fact of an air 
bronchogram is indicative primarily of milder disease. Color ultrasound Doppler was used to assess blood flow in areas 
of consolidation (or atelectasis). We found a good blood flow distribution in both groups in consolidation areas, 
indicating that consolidation due to MPP mainly affects ventilation and has less impact on blood flow imaging, except 
in conditions such as necrotizing pneumonia, which was not present in our enrolled patients.

The B-line is also a critical LUS indicator; our study showed that all children had B-lines. Scattered B-lines and 
confluent B-lines appeared only in the non-consolidated areas of CMPP; dense B-lines mostly appeared around areas of 
lung consolidation. Pathological B-lines are generally referred to as interstitial syndromes. The simultaneous appearance 
of three or more separate B-lines or the fusion of B-lines has been associated with a thickening of the interlobular septal 
membrane in adult CT.37 This association suggests that interstitial edema is a common feature of CMPP and RMPP.

In our study, Consolidation size /BSA, pleural effusion, CRP, and LDH were significant indicators of RMPP 
development, and we developed a nomogram prediction tool through R software. The predictive nomograms of RMPP 
currently in use rely on clinical manifestations, laboratory indicators, and inflammatory factors. This reliance is related to 
the pathogenesis of RMPP, as studies have confirmed that immune damage plays an essential role in the pathogenesis of 
RMPP and direct pathogenic damage. Cheng et al38 used LASSO regression to screen for risk factors for RMPP and 
found that LDH, albumin, the neutrophil ratio, and high fever were four independent risk factors; the AUC of the 
nomogram was greater than 0.8 in both the training and validation groups. Bi et al7 took six indicators, including age, 
fever days, CRP, ATL, LDH, and CXR results, and developed a predictive nomogram for RMPP with a sensitivity of 
78.3% and a specificity of 86.2%. The AUC of the predictive scale was 0.871. LUS parameters were added to the RMPP 
prediction model, which had never been used before. The external validation confirmed the accuracy and stability of the 
model, and good calibration of the model was confirmed by bootstrapping and calibration curves, indicating that the 
model has a high diagnostic power, which suggests that the model provides a reasonable degree of discrimination.

We also found some limitations in this study during the research process. This study was a single-center prospective 
study of only hospitalized children. We did not include children from the emergency department or the intensive care 
unit; therefore, selection bias exists. The sample size of the RMPP group in this study was small, and an evaluation of the 
nomogram in a large sample of children is still needed. Regarding the diagnostic criteria for RMPP, we used three experts 
to review the study because there is still a lack of a gold-standard method for diagnosing RMPP. Therefore, we consider 
the risk of bias in this study to be uncertain. In future work, we should conduct further multicenter, large-sample, 
prospective studies to confirm further the value of LUS parameters in the early diagnosis of RMPP.

Conclusion
In conclusion, LUS can accurately assess the distribution, size, ventilation, and blood flow of consolidation areas due to 
MPP. A nomogram based on LUS parameters combined with clinical presentation and laboratory indicators can 
accurately predict the development of RMPP in children hospitalized with MPP. The nomogram can be widely used 
in primary care to alert clinicians to personalize the care and treatment of children with MPP who are likely to develop 
RMPP.
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