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Background: Mycoplasma pneumoniae pneumonia (MPP) is a common pediatric respiratory infection, with 10–40% of cases 
progressing to severe MPP (SMPP). Macrolide-resistant Mycoplasma pneumoniae (MRMP) harboring the A2063/2064G mutation 
is closely associated with disease severity and treatment failure, posing a major clinical challenge. This study aimed to establish an 
early prediction model for SMPP and explore personalized treatment strategies for children with A2063/2064G-mutated infections.
Methods: A total of 2381 children diagnosed with MPP at Shanghai Children’s Hospital between November 2019 and 
December 2023 were retrospectively analyzed. Clinical characteristics, laboratory indices, and A2063/2064G mutation status were 
compared between SMPP and general MPP groups. A predictive model for SMPP was developed using multivariate logistic 
regression, and its performance was evaluated by receiver operating characteristic (ROC) curve analysis. Medication patterns and 
length of hospital stay in patients with A2063/2064G mutations were further assessed to formulate personalized treatment strategies.
Results: Of 2381 patients, 71.3% developed SMPP; 46.9% of all cases carried the A2063/2064G mutation, and the mutation rate was 
significantly higher in the SMPP group (54.7% vs. 27.5%, P < 0.001). The seven-indicator model (fever duration, lactate dehydro
genase (LDH), albumin (ALB), creatine kinase-MB (CK-MB), neutrophil percentage (Neu%), white blood cell (WBC) count and 
D-dimer) exhibited excellent performance (area under the curve (AUC) = 0.899, 95% confidence interval (CI) = [0.861, 0.937], 
sensitivity = 0.827, specificity = 0.861). In mutation-positive patients, those requiring tetracyclines (TCs)/fluoroquinolones (FQs) had 
higher SMPP rates than macrolide antibiotics (MACs)-responsive cases (89.6% vs. 78.0%, P < 0.001). Early TCs/FQs shortened 
hospital stay (7.30 ± 1.96 vs. 8.38 ± 2.20 days, P < 0.001). The model performed consistently across groups, and age-stratified analysis 
showed the highest TCs/FQs usage in patients with both mutation and model-predicted SMPP.
Conclusion: The prediction model effectively identifies SMPP and guides interventions when combined with mutation status. Early 
TCs/FQs may benefit children with A2063/2064G-mutated MP when predicted as SMPP.
Keywords: Mycoplasma pneumoniae pneumonia, clinical prediction model, A2063/2064G mutation, macrolide resistance, 
personalized treatment

Background
Mycoplasma pneumoniae pneumonia (MPP) is a significant respiratory infection among pediatric populations, account
ing for 10–40% of community-acquired pneumonia (CAP) cases.1,2 Severe MPP (SMPP) is characterized by rapid 
clinical deterioration and high complication rates, posing a major challenge to pediatric clinical management.3,4 Current 
clinical evaluation of SMPP mainly depends on conventional clinical manifestations and laboratory indicators, which 
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often only reflect advanced disease status and are insufficient for early risk warning.5,6 With the widespread application 
of macrolide antibiotics (MACs), the prevalence of macrolide-resistant Mycoplasma pneumoniae (MRMP) has increased 
globally,7,8 with resistance rates exceeding 90% in some Asian regions.9,10 The A2063/2064G gene mutation has been 
confirmed as the primary molecular mechanism of macrolide resistance and an independent risk factor for SMPP 
progression,11,12 while tetracyclines (TCs) and fluoroquinolones (FQs) are recommended as alternative therapeutic 
options for eligible children with resistant infection.13,14

Nevertheless, current prediction models and relevant literature still present several unresolved shortcomings.15,16 

Existing models adopt heterogeneous variable selection frameworks and lack a unified standardized indicator system, 
leading to unstable predictive performance across different clinical settings.15 In addition, most models rely on 
sophisticated and non-routine biomarkers that are not universally accessible in general clinical practice, which limits 
their popularization and practical application value.16 Notably, few prediction models incorporate the A2063/2064G 
mutation into the risk stratification system, and the quantitative association between this mutation genotype, disease 
severity and treatment response remains insufficiently clarified.11,12 Moreover, standardized personalized treatment 
strategies that integrate resistance mutation profiles and individual clinical characteristics are still lacking.14

To address these unresolved problems in existing studies and prediction models, this study aims: (1) to construct 
a clinically applicable early prediction model for SMPP based on readily available routine clinical parameters; (2) to 
explore the clinical significance of the A2063/2064G mutation in disease progression and therapeutic outcomes; (3) to 
formulate individualized treatment strategies according to drug resistance profiles and clinical manifestations. The 
findings will provide evidence-based reference for early identification, risk stratification and precise management of 
pediatric SMPP.

Methods
Study Subjects
This study was conducted at Shanghai Children’s Hospital and included medical history data from hospitalized patients 
with MPP from November 2019 to December 2023. Data collected included basic demographic information and clinical 
characteristics of the children, such as age, gender, admission time, symptoms and signs, pulmonary imaging findings, 
length of hospital stay, and medication use. Laboratory examination results included routine blood tests, C-reactive 
protein (CRP), serum amyloid A (SAA), procalcitonin (PCT), erythrocyte sedimentation rate (ESR), serum ferritin (SF), 
interleukin (IL)-17, IL-1β, tumor necrosis factor (TNF)-α, lactate dehydrogenase (LDH), creatine kinase (CK), creatine 
kinase-MB (CK-MB), alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin (ALB), and D-dimer.

The inclusion criteria for pneumonia were as follows: 1) Presence of fever, cough, and wheezing; 2) Lung 
examination revealing crackles; 3) Imaging studies showing lung inflammation. MPP was diagnosed among children 
with pneumonia based on one or both of the following criteria: 1) A single serum Mycoplasma pneumoniae (MP) 
antibody titer of ≥ 1:160 (by particle agglutination, PA method) or a fourfold or greater increase in serum MP antibody 
titer during the course of the disease; 2) Positivity for MP-DNA or RNA.

Exclusion criteria included: 1) Patients with immunodeficiency or underlying diseases; 2) Incomplete clinical or 
laboratory data.

The inclusion criteria for SMPP were based on the severity of the disease, meeting the criteria for severe CAP, which 
included any of the following: 1) Persistent high fever for ≥ 5 days or fever for ≥ 7 days without a decline in peak 
temperature; 2) Hypoxemia; 3) Extrapulmonary complications; 4) Refusal to eat and signs of dehydration; 5) Imaging 
showing ≥ 2/3 lung involvement, multilobar infiltrates, pleural effusion, pneumothorax, atelectasis, lung necrosis, or lung 
abscess; 6) Poor general condition or altered mental status.

This study was approved by the Medical Ethics Review Committee of Shanghai Children’s Hospital (Ethical 
Approval Number: 2023R051-F01), and informed consent was obtained from the guardians of the patients.
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MP Serological Detection
Venous blood samples (2–3 mL) were collected from all children. The samples were centrifuged at 270×g for 5 minutes 
to separate the serum. The MP antibody titer was then detected using the FUJIREBIO MP antibody detection kit (passive 
agglutination method) from Japan. Results were assessed visually. A MP antibody titer of ≥ 1:160 was considered 
serologically positive for MP infection.

MP DNA and Drug Resistance Site Detection
Real-time quantitative polymerase chain reaction (RT-PCR) was employed to detect MP DNA in throat swab or 
bronchoalveolar lavage fluid samples from the children. The reagents used were from the MP nucleic acid and drug 
resistance mutation site detection kit (Jiangsu Mole Bio-Tech Co., Ltd)., and the detection instrument was the ABI 7500 
real-time quantitative PCR system (ABI, USA). Nucleic acid extraction and amplification were performed strictly 
according to the manufacturer’s instructions. The DNA detection was quantitative, with a reference value of < 500 
copies/mL. A result of ≥ 500 copies/mL was considered positive for nucleic acid testing. If the result was below the 
lower limit of detection, it was reported as < 500 copies/mL. The presence of A2063G or A2064G mutations was used as 
the criterion for drug resistance.

Statistical Analysis
Statistical analyses were performed using SPSS version 27.0 (IBM Corporation, Armonk, NY, USA) and R version 4.1.3 
(R Foundation for Statistical Computing, Vienna, Austria). A two-sided P-value of < 0.05 was considered to indicate 
statistical significance. Normally distributed continuous variables were presented as mean ± standard deviation (SD) and 
compared using Student’s t-test. Categorical variables were described as percentages or frequencies and analyzed using 
the chi-square test. Multivariate analysis was conducted using a stepwise logistic regression model. Receiver operating 
characteristic (ROC) curve analysis was employed to predict SMPP and to assess the sensitivity and specificity of the 
model. Post-hoc statistical power analysis was performed to verify that the current sample size provided adequate 
statistical power for detecting meaningful differences and stable regression model construction, ensuring the reliability 
and validity of the statistical results.

Results
Patient Baseline Characteristics Distribution
During the study period, 3635 patients (38.22%, 3,635/9,511) were diagnosed with MPP. After applying the exclusion 
criteria, 2381 MPP patients were ultimately included. Of these, 1697 were classified as SMPP patients, and 684 as 
general Mycoplasma pneumoniae pneumonia (GMPP) patients, based on disease severity. Additionally, 1117 patients had 
MP strains with the A2063/2064G mutation, while 1264 patients had strains with normal A2063/2064G loci, as 
determined by the presence of drug resistance mutations. A flowchart of the study design is provided in Figure 1. 
Demographic, clinical, and laboratory data for all patients are summarized in Table 1.

Comparison of Characteristics Between SMPP and GMPP
Among the 2381 MPP patients, 1697 were classified into the SMPP group and 684 into the GMPP group. A detailed 
comparison of their characteristics is summarized in Table 2. No significant difference was observed in gender 
distribution between the two groups. However, a significant difference was noted in age (P < 0.001). The prevalence 
of the A2063/2064G mutation was significantly higher in the SMPP group (54.7%, 929/1697) than in the GMPP group 
(27.5%, 188/684) (P < 0.001).

In terms of clinical manifestations, the SMPP group exhibited a significantly longer duration of fever (P < 0.001), 
higher incidences of lung consolidation (38.7% vs. 12.3%, P < 0.001) and pleural effusion (13.3% vs. 1.8%, P < 0.001). 
In contrast, no significant differences were observed in the incidence of cough, wheezing, or lung rales between the two 
groups.

Infection and Drug Resistance 2026:19                                                                                             https://doi.org/10.2147/IDR.S593932                                                                                                                                                                                                                                                                                                                                                                                                       3

Zeng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Laboratory test results revealed that levels of LDH, CK-MB, ALB, D-dimer, Neu%, WBC count, CRP, SAA, ESR, 
and SF were significantly higher in the SMPP group than in the GMPP group (all P < 0.001). However, no significant 
differences were observed in IL-17, IL-1β, TNF-α, CK, Mono%, ALT, AST, or PCT levels between the two groups.

Regarding prognosis, the SMPP group had a significantly longer hospital stay (7.679 ± 2.282 days) compared to the 
GMPP group (6.171 ± 1.592 days, P < 0.001).

Selection of Predictive Factors and Construction of the SMPP Prediction Model
Predictive factors for the model were selected based on clinical significance, variables previously reported to be 
associated with SMPP, and those exhibiting statistical significance in Table 2. Multivariate logistic regression analysis 
was employed to determine the association of these variables with SMPP. Considering clinical prevalence and feasibility, 

Figure 1 Flow diagram illustrating the design of the present study.

Table 1 General Characteristics of the 
Patients

Characteristic N (%)

Total 2381
Age (y) 5.71 ± 2.37

Gender Male 1254 (52.7)

Female 1127 (47.3)
SMPP 1697 (71.3)

GMPP 684 (28.7)

A2063/2064G mutation 1117 (46.9)
Days of fever 6.04 ± 3.49

Cough 2351 (98.7)

Wheezing 125 (5.2)
Wet rales 1022 (42.9)

Consolidation 741 (31.1)

Pleural effusion 238 (10)
IL-17 11.29 ± 12.30

IL-1β 40.46 ± 58.50

TNF-α 12.30 ± 15.34
LDH 394.15 ± 76.56

CK 119.89 ± 65.03

(Continued)
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Table 1 (Continued). 

Characteristic N (%)

CK-MB 14.95 ± 7.87

ALB 40.95 ± 2.59
D-Dimer 0.82 ± 0.60

Neu.% 55.83 ± 13.41

Mono.% 6.97 ± 2.12
WBC 7.90 ± 2.66

CRP 15.60 ± 14.99

SAA 107.62 ± 90.06
PCT 0.34 ± 0.41

ESR 41.39 ± 20.78

ALT 19.27 ± 10.15
AST 36.58 ± 61.34

SF 130.19 ± 71.57

Inpatient Days 6.81 ± 1.98

Note: Data are presented as number (%) of patients 
or mean ± standard deviation (SD). 
Abbreviations: LDH, lactate dehydrogenase; CK, 
creatine kinase; CK-MB, creatine kinase-MB; ALB, 
albumin; Neu.%, Neutrophil percentage; Mono.%, 
Monocyte percentage; WBC, white blood cell; 
CRP, C-reactive protein; SAA, serum amyloid A; 
PCT, procalcitonin; ESR, erythrocyte sedimentation 
rate; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; SF, serum ferritin.

Table 2 Characteristics of SMPP and GMPP

Characteristic SMPP (n = 1697) GMPP (n = 684) P value

Age 6.028 ± 2.286 4.918 ± 2.347 < 0.001

Gender

Male/Female 905/792 349/335 0.308
A2063/2064G mutation 929/1697 188/684 0.000

Days of fever 7.23 ± 3.10 3.110 ± 2.73 < 0.001

Cough 1677 (98.8) 674 (98.5) 0.72
Wheezing 80 (4.7) 45 (6.6) 0.081

Wet rales 960 (56.6) 399 (58.3) 0.459

Consolidation 657 (38.7) 84 (12.3) 0.000
Pleural effusion 226 (13.3) 12 (1.8) <0.001

IL-17 13.01 ± 14.46 6.40 ± 5.57 0.093

IL-1β 46.24 ± 68.19 23.99 ± 31.26 0.265
TNF-α 14.01 ± 18.52 7.43 ± 6.86 0.542

LDH 362.48 ± 81.58 316.08 ± 59.11 <0.001

CK-MB 15.80 ± 8.10 12.84 ± 6.63 <0.001
CK 122.02 ± 68.96 114.61 ± 55.40 0.177

ALB 40.25 ± 2.43 42.70 ± 2.46 <0.001

D-dimer 0.91 ± 0.66 0.59 ± 0.41 <0.001
Neu% 58.38 ± 11.95 49.49 ± 15.09 <0.001

Mono% 7.03 ± 2.09 6.82 ± 2.18 0.094

WBC 7.66 ± 2.52 8.47 ± 2.95 <0.001
CRP 17.78 ± 16.07 10.20 ± 11.24 <0.001

SAA 117.97 ± 90.21 79.36 ± 82.24 <0.001

(Continued)
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seven indicators were ultimately identified as predictive factors for SMPP: Days of fever (X1) (OR = 6.554, 95% CI = 
[5.113, 8.401], P < 0.001), LDH (X2) (OR = 1.513, 95% CI = [1.166, 1.963], P = 0.002), ALB (X3) (OR = 0.345, 95% 
CI = [0.221, 0.537], P < 0.001), CK-MB (X4) (OR = 2.037, 95% CI = [1.323, 3.137], P = 0.001), Neu% (X5) (OR = 
1.516, 95% CI = [1.270, 1.811], P < 0.001), WBC (X6) (OR = 0.680, 95% CI = [0.529, 0.874], P = 0.003), and D-dimer 
(X7) (OR = 1.242, 95% CI = [0.956, 1.613], P = 0.105) (Table 3).

Based on these factors, a logistic regression-based prediction model for SMPP was developed: ln(p/(1-p)) = 0.693 + 
1.880×1 + 0.414×2 − 1.066×3 + 0.712×4 + 0.416×5 − 0.386×6 + 0.217×7. The predictive performance of the individual 
risk factors and the model was evaluated using ROC curve analysis, which demonstrated high diagnostic accuracy with 
an area under the curve (AUC) of 0.899 (95% CI = [0.861, 0.937]) (Table 4 and Figure 2). The cutoff threshold for the 
model was set at 0.628, which yielded a sensitivity of 0.827, specificity of 0.861, accuracy of 0.838, and precision of 
0.932 in the validation set.

Table 2 (Continued). 

Characteristic SMPP (n = 1697) GMPP (n = 684) P value

PCT 0.38 ± 0.47 0.25 ± 0.28 0.171

ESR 45.54 ± 20.76 31.06 ± 18.36 <0.001
ALT 20.31 ± 11.72 16.70 ± 6.52 0.257

AST 37.48 ± 12.51 34.31 ± 8.66 0.377

SF 143.74 ± 77.25 91.91 ± 50.84 <0.001
Inpatient Days 7.68 ± 2.28 6.17 ± 1.59 <0.001

Note: Data are presented as number (%) of patients or mean ± standard deviation (SD).

Table 3 Multivariate Logistic Regression Analysis Predictors of SMPP

Term Estimate Std. Error z value Pr(> |z|) OR 95% CI for OR

Intercept 0.693 0.633 1.094 0.274 1.999 [0.578, 6.915]
Days of fever (X1) 1.880 0.127 14.841 0.000 6.554 [5.113, 8.401]

LDH (X2) 0.414 0.133 3.119 0.002 1.513 [1.166, 1.963]
ALB (X3) −1.066 0.226 −4.714 0.000 0.345 [0.221, 0.537]

CK-MB (X4) 0.712 0.220 3.231 0.001 2.037 [1.323, 3.137]

Neu% (X5) 0.416 0.091 4.592 0.000 1.516 [1.270, 1.811]
WBC (X6) −0.386 0.128 −3.013 0.003 0.680 [0.529, 0.874]

D-dimer (X7) 0.217 0.133 1.623 0.105 1.242 [0.956, 1.613]

Table 4 Development of an Early Warning Model for SMPP

Characteristic Cutoff AUC

Days of fever (X1) > 4days = 1, ≤ 4days = 0 0.899

LDH (X2) < 110 = 1, ≥ 110 and <= 290 = 2, > 290 = 3

ALB (X3) < 38 = 1, ≥ 38 and <= 54 = 2, > 54 = 3
CK-MB (X4) >25 = 1, ≤ 25 = 0

Neu% (X5) < 50 = 1, ≥ 50 and <= 70 = 2, > 70 = 3

WBC (X6) < 4 = 1, ≥ 4 and <= 10 = 2, > 10 = 3
D-dimer (X7) >0.55 = 1, ≤ 0.55 = 0

Note: ln(p/(1-p)) = 0.693 + 1.880×1 + 0.414*X2 - 1.066*X3 + 0.712*X4 + 0.416*X5 - 
0.386*X6 + 0.217*X7; cutoff = 0.628, sen = 0.827, spe = 0.861, accuracy = 0.838, precision = 
0.932.
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Characteristics of MPP Patients with MP A2063/2064G Mutation
Among the 2381 MPP patients, 1117 had the A2063/2064G mutation in the infecting MP, while the remaining 1264 did 
not have this mutation. A comparison of the general characteristics between these two groups is summarized in Table 5. 
No significant difference in gender distribution was observed between the groups, but a significant difference in age was 
noted (P < 0.001). The proportion of patients with SMPP was significantly higher in the A2063/2064G mutation group 
(83.2%, 929/1117) than in the non-mutation group (60.8%, 768/1,264, P < 0.001).

Regarding the seven indicators within the SMPP prediction model, the A2063/2064G mutation group exhibited 
a significantly longer duration of fever (P < 0.001) and significantly higher levels of LDH (P < 0.001), ALB (P < 0.001), 
D-dimer (P = 0.004), Neu% (P < 0.001), and WBC (P < 0.001) compared to the non-mutation group. However, no 
significant difference in CK-MB levels was observed between the two groups. Additionally, the length of hospital stay 
was significantly longer for the A2063/2064G mutation group (7.857 ± 3.237 days) compared to the non-mutation group 
(6.335 ± 2.339 days, P < 0.001).

Clinical Medication Usage and Hospitalization Duration Among Patients Infected with 
the A2063/2064G Mutation of MP
Among the 1117 patients infected with the A2063/2064G mutation of MP, 619 responded well to MACs and did not 
receive TCs or FQs (indicating no clinical consideration of resistance, 619/1117), of whom 483 (78%, 483/619) were 
diagnosed with SMPP. In contrast, 498 patients who had an inadequate or no response to MACs were treated with TCs or 

Figure 2 Receiver Operating Characteristic Curve Analysis of the SMPP Prediction Model.
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FQs (suggesting clinical consideration of resistance, 498/1117), and 446 of these (90%, 446/498) were diagnosed with 
SMPP. The proportion of SMPP was significantly higher in the latter group than in the former group (χ2 = 26.206, P < 
0.001) (Table 6).

Regarding hospitalization duration, patients who responded well to MACs and did not receive TCs or FQs (group M) 
had an average hospital stay of 6.50 ± 1.34 days. In contrast, patients who were switched to TCs or FQs after failing 
MACs treatment (group MTF) had a significantly longer average hospital stay (8.38 ± 2.20 days) compared to those who 
received TCs or FQs as first-line treatment upon admission (group TF, 7.30 ± 1.96 days, P < 0.001) (Figure 3).

Individualized Treatment Clues for Patients with the A2063/2064G Mutation via the 
SMPP Prediction Model
We validated the actual medication usage in 1117 patients with the A2063/2064G mutation in MP using the established 
SMPP prediction model. Among the 619 patients who responded well to MACs without receiving TCs or FQs, 468 
(76%, 468/619) were predicted to have SMPP by the model. In contrast, among the 498 patients who had an inadequate 
or no response to MACs and received TCs or FQs, 430 (86%, 430/498) were predicted to have SMPP, with a significantly 
higher proportion than the former group (χ2 = 20.194, P < 0.001) (Table 7). Moreover, the predicted results were 
essentially consistent with the actual SMPP proportions in both scenarios.

Additionally, age was identified as a significant factor influencing the use of TCs or FQs. Therefore, we further 
stratified the study subjects into four groups (MPP, SMPP, MP A2063/2064G mutation, MP A2063/2064G mutation + 
model-predicted SMPP) and examined the proportion of TCs or FQs use among patients of different ages in each group. 
As shown in Figure 4, the proportion of TCs or FQs use increased with age in all groups. The proportion was highest in 
the “MP A2063/2064G mutation + model-predicted SMPP” group across all age groups. When age exceeded 10 years, 

Table 5 Comparison of Characteristics Between A2063/2064G Mutation and Non-Mutation Groups

Characteristic A2063/2064G Mutation (n = 1117) A2063/2064G Normality (n = 1264) P value

Age 6.375 ± 2.270 5.121 ± 2.247 <0.001
Gender

Male/Female 566/1117 688/1264 0.067

SMPP/GMPP 929/1117 768/1264 0.000
Inpatient Days 7.857 ± 3.237 6.335 ± 2.339 < 0.001

SMPP Model’s Internal Indicators

Days of fever 7.317 ± 3.237 4.919 ± 3.334 < 0.001
LDH 363.024 ± 83.608 336.889 ± 70.029 < 0.001

CK-MB 15.188 ± 8.207 14.742 ± 7.577 0.378

ALB 40.204 ± 2.493 41.615 ± 2.544 < 0.001
D-dimer 0.908 ± 0.607 0.744 ± 0.580 0.004

Neu% 60.072 ± 10.548 52.075 ± 14.962 < 0.001

WBC 7.378 ± 2.241 8.351 ± 2.960 < 0.001

Note: Data are presented as number (%) of patients or mean ± standard deviation (SD).

Table 6 SMPP Rates in A2063/2064G Mutation Patients Across 
Medication Treatments

Characteristic 
(clinical reality)

1TCs or FQs 
(n = 498)

2MACs 
(n = 619)

χ2 P value

SMPP 

GMPP

446 (89.6) 

52

483 (78.0) 

136

26.206 < 0.001

Note: 1Patients ineligible for MACs therapy and subsequently treated with TCs or 
FQs.2Patients responding effectively to MACs therapy.
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the proportion of TCs or FQs use in the “MP A2063/2064G mutation + model-predicted SMPP” group was similar to that 
in the “MP A2063/2064G mutation” group.

Overall, the present study observed the association between MP A2063/2064G mutation and SMPP progression, and 
established a predictive model based on routine clinical indicators. Additionally, we explored the correlation between 
drug resistance mutation, clinical treatment response and hospitalization duration, and provided age-stratified medication 
clues for mutation-positive pediatric patients. These observations, which integrate drug resistance analysis with SMPP 
prediction and focus on clinically accessible indicators, differ from the focus of most prior studies that primarily 
examined either SMPP prediction or MP drug resistance independently, and we hope these findings might complement 
existing research in this field.

Discussion
MP is a significant pathogen causing CAP in both school-aged and preschool-aged children. Despite the availability of 
diagnostic and therapeutic interventions, some pediatric patients still progress to severe or critical stages, highlighting the 

Figure 3 Comparison of Hospitalization Duration Among Patients with A2063/2064G Mutated MP Across Different Treatments. M group (n = 619): Patients who 
responded well to MACs without receiving TCs or FQs treatment. MTF group (n = 305): Patients who were switched to TCs or FQs following failure of MACs treatment. 
TF group (n = 193): Patients who received TCs or FQs as first-line treatment upon admission. Data are presented as mean ± SD, **P<0.001 versus M group; ##P<0.001 
versus TF group.

Table 7 Model Prediction Results in A2063/2064G Mutation Patients 
Across Medication Treatments

Characteristic 
(model prediction)

1TCs or FQs 
(n = 498)

2MACs 
(n = 619)

χ2 P value

SMPP 

GMPP

430 (86.3) 

68

468 (75.6) 

151

20.194 < 0.001

Note: 1Patients ineligible for MACs therapy and subsequently treated with TCs or 
FQs.2Patients responding effectively to MACs therapy.
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importance of early identification of SMPP as a critical clinical challenge—this directly addresses our core research 
question of improving SMPP early detection to optimize clinical management. Additionally, the increasing incidence of 
MRMP infections in the post-COVID-19 era has further complicated the selection of appropriate antibiotics for pediatric 
patients, which aligns with our second core objective: integrating MP drug resistance data with clinical decision-making 
to guide antibiotic use. At our institution, the proportion of hospitalized MPP cases among CAP patients was 38.22%, 
consistent with global epidemiological data,1 providing a representative cohort for our study. Among these hospitalized 
cases, the proportion of SMPP reached 71.3% under stringent hospitalization criteria, underscoring the clinical urgency 
of our research. Our study indicated that SMPP was more prevalent among school-aged children compared to preschool- 
aged children, likely due to more robust immune responses in the older age group17—this finding advances current 
understanding by clarifying age-related differences in SMPP susceptibility, which was not fully elaborated in prior 
studies. Compared to GMPP, SMPP cases exhibited higher rates of lung consolidation and pleural effusion on imaging, 
prolonged durations of fever and hospitalization, and elevated levels of LDH, CK-MB, D-dimer, neutrophil percentage 
(Neu%), CRP, SAA, ESR, and SF, alongside decreased levels of WBC and ALB. These results directly address our core 
research question by identifying key clinical and laboratory markers that distinguish SMPP from GMPP, laying the 
foundation for our predictive model. In response to these observations, we assessed the significant differences between 
SMPP and GMPP by examining several factors: (1) the influence of parameter combinations on the performance of 
predictive models, (2) the feasibility and applicability of the model across various clinical settings, and (3) concerns from 

Figure 4 Proportion of Patients Treated with TCs or FQs Across Different Age Groups. Patients were categorized into four groups: MPP, SMPP, A2063/2064G mutation, 
and A2063/2064G mutation + model-predicted SMPP. The solid line represents the proportion of patients in each age group receiving TCs or FQs treatment, while the 
dashed line indicates the number of patients in each age group.
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families regarding radiation exposure from imaging studies. Consequently, we developed a predictive model for SMPP 
based on seven optimal parameters (duration of fever, LDH, CK-MB, D-dimer, Neu%, WBC, and ALB) and employed it 
to guide antibiotic selection for pediatric patients across different age groups infected with A2063/2064G mutation 
strains of MP, thereby bridging the gap between SMPP prediction and clinical antibiotic decision-making.

An extended duration of fever generally indicates ongoing inflammatory responses and reduced effectiveness of 
antibiotic treatment. Studies have shown that fever duration is significantly longer in patients with MPP than in those 
with non-MPP,18 with most children presenting with febrile symptoms.19 Additionally, prolonged fever duration is 
associated with an increased risk of complications and serves as a critical risk factor in evaluating MPP severity.20 

Building on previous research findings, our study further identified that fever duration carries a very high weight in 
constructing the SMPP early prediction model, which indicates that fever duration is a key factor in the SMPP prediction 
model.

The pathogenesis of SMPP is characterized by the interplay between MP virulence factors and the host’s immune 
response. LDH, a critical enzyme in cellular metabolism, is released into the bloodstream due to tissue damage, and its 
concentration serves as an indicator of both the inflammatory response and the degree of tissue injury.21 Elevated LDH 
levels have been strongly correlated with the manifestation of plastic bronchitis and pleural effusion in MPP.22,23 

Consequently, LDH is a valuable biomarker for evaluating MPP severity and informing clinical decisions regarding 
glucocorticoid therapy.23–25 Building on previous evidence, our study verified LDH as a critical predictor for SMPP, 
supporting our aim of identifying readily available markers for early SMPP screening. Elevated LDH in the SMPP group 
further validated its predictive value, and inclusion of LDH in our multi-indicator model achieved better diagnostic 
performance than single biomarkers in earlier studies.

D-dimer, a specific degradation product of fibrinolysis, increases markedly when the coagulation cascade is activated, 
leading to fibrin formation and concurrent activation of the fibrinolytic system. Elevated D-dimer levels are commonly 
observed in MPP. As MPP progresses, immune cells release inflammatory mediators that exacerbate vascular endothelial 
damage and activate the coagulation system, resulting in a significant rise in D-dimer levels.26 Research indicates that 
D-dimer concentrations are substantially higher in children with SMPP compared to those with GMPP.27 Furthermore, 
patients with elevated D-dimer levels tend to exhibit more SMPP symptoms, a higher incidence of extrapulmonary 
complications, and a more pronounced inflammatory response.28 This suggests that a hypercoagulable state may intensify 
the inflammatory response in MPP. Our study incorporated D-dimer into a multi-parameter predictive model to improve 
the specificity of SMPP detection, aiming to facilitate early identification of severe cases. A close correlation between 
D-dimer level and SMPP development was validated, supporting D-dimer as a reliable severity marker that may 
contribute to a more comprehensive predictive model when combined with other indicators.

Studies have shown that MP triggers the production and activation of neutrophils, which is a critical mechanism in its 
pathogenesis.29 An animal study revealed a correlation between elevated neutrophil levels and SMPP, suggesting that 
neutrophil inhibition can ameliorate the progression of MPP.30 Clinical investigations have also shown that the Neu% is 
significantly higher in SMPP patients compared to those with GMPP.27 Conversely, MP has been found to suppress 
lymphocyte expression and diminish their activity through mechanisms such as immune adhesion and the detrimental 
effects of metabolic byproducts, ultimately precipitating rapid lymphocyte apoptosis.31 Consequently, MP infections in 
peripheral blood are characterized by increased neutrophil counts and decreased lymphocyte levels.32 Furthermore, 
leukopenia is a characteristic feature of severe pneumonia. As MPP progresses, the intensified immune response leads to 
increased consumption of leukocytes. In some cases, this may be accompanied by bone marrow suppression, resulting in 
decreased leukocyte levels. Going beyond these known findings, our study advances the field by demonstrating that the 
combined assessment of peripheral blood leukocyte count (WBC count) and Neu% holds significant predictive value for 
SMPP—this novel combination improves predictive accuracy compared to single parameters used in prior research and 
directly contributes to our core objective of developing a robust SMPP prediction model.

In this study, albumin and CK-MB levels were incorporated as predictive variables within the model. Albumin serves 
as an indicator of the body’s nutritional status and is inhibited in synthesis by a robust inflammatory response. Notably, 
albumin levels were significantly lower in SMPP patients compared to those with GMPP,33,34 and reduced albumin levels 
were correlated with moderate to large pleural effusions in MPP.35 Conversely, CK-MB, a cardiac-specific enzymatic 
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marker, is seldom expressed in non-cardiac tissues. Cardiac involvement is the most prevalent extrapulmonary complica
tion of MPP, and elevated CK-MB levels in MPP patients are associated with elevated D-dimer levels, which may 
indicate concurrent myocarditis.27 The myocardial damage and increased CK-MB levels resulting from MP infection are 
attributed to the synergistic effects of inflammatory mediators and autoimmune responses. Prior research has identified 
CK-MB as a significant predictor of SMPP,15 corroborating our findings. Our study innovatively combined albumin and 
CK-MB within one predictive framework. Building on earlier work that largely evaluated these biomarkers separately, 
this combined panel helps strengthen clinical practicability and offers a new reference for the early recognition of SMPP.

Consequently, this study used seven indicators—fever duration, LDH, D-dimer, Neu%, WBC count, albumin, and 
CK-MB—as internal parameters to develop the SMPP early warning model. The model achieved an AUC of 0.899, 
demonstrating high sensitivity and specificity. By relying on routine clinical parameters, the model is highly accessible 
and cost-effective, making it well-suited for implementation in primary healthcare settings.

In recent years, the increasing prevalence of MRMP infections has been accompanied by a steady rise in the 
proportion of SMPP cases.36 Our study revealed that the proportion of severe cases was significantly higher among 
patients infected with MP strains harboring resistance site mutations compared to those infected with non-mutated MP 
strains. Moreover, patients infected with resistance site-mutated MP exhibited characteristics typical of SMPP, such as 
prolonged hospitalization and significant alterations in the model’s internal parameter indicators. These findings establish 
a direct linkage between MP A2063/2064G mutations and SMPP progression, indicating that resistant-site mutated MP 
markedly facilitates SMPP onset and deterioration, and supporting our core aim of incorporating resistance profiles into 
clinical decision-making.

The primary mechanism of macrolide resistance in MP is mutations in the V domain of 23S rRNA, with A2063G 
being the most common mutation, followed by A2064G. These mutations are associated with high-level resistance to 14- 
membered macrolides.37,38 Clinically, resistance is determined by detecting resistance site mutations, but the current 
status of resistance testing is also influenced by factors such as the self-limiting nature of the disease. Therefore, in vitro 
resistance does not necessarily equate to clinical drug ineffectiveness.20 Our study showed that among 1117 patients 
infected with MP harboring A2063/2064G mutations, 619 (55.4%) responded effectively to macrolides, of whom 483 
(78.1%) were classified as SMPP. In contrast, 498 (44.6%) were unresponsive to macrolides and were treated with TCs or 
FQs, among whom 446 (89.6%) were classified as SMPP. The severe case rate was significantly higher in the latter 
group, suggesting that macrolide ineffectiveness in patients infected with resistance site-mutated MP may indicate the 
development of SMPP. Furthermore, when comparing hospitalization durations under different treatment regimens for 
patients infected with A2063/2064G-mutated MP, our study found that patients who received TCs or FQs immediately 
upon admission had significantly shorter hospitalization durations than those initially treated with macrolides, which 
were ineffective, and later switched to TCs or FQs. This result provides practical guidance for early antibiotic selection, 
bridging the gap between in vitro resistance data and clinical decision-making, and supporting individualized treatment 
for MP mutant-positive patients.

However, the use of TCs or FQs is subject to age-related restrictions. TCs may cause permanent dental enamel 
hypoplasia in children under 8 years of age,39 while FQs may lead to skeletal growth inhibition and other side effects in 
children under 18 years of age.40 Therefore, their use should be guided by clinical considerations and under the 
supervision of a physician. This consideration is integral to our central research objective, gently highlighting the need 
for individualized antibiotic administration.

Based on the strong association between A2063/2064G-mutated MP and SMPP, as well as the unique considerations 
in drug therapy for children infected with A2063/2064G-mutated MP, we integrated resistance site data with the SMPP 
prediction model to provide stronger evidence for the use of TCs or FQs in these cases. First, we internally validated the 
model using 619 samples where MACs were effective and 498 samples where MACs were ineffective. The predicted 
proportions of severe cases were 76% (468/619) and 86% (430/498), respectively, which were consistent with the actual 
proportions of severe cases. Second, we plotted curves showing the proportion of patients receiving TCs or FQs under 
four different conditions across various age groups: MPP, SMPP, A2063/2064G-mutated MP infection, and A2063/ 
2064G-mutated MP infection + model-predicted SMPP. The results indicated that patients in the “A2063/2064G-mutated 
MP infection + model-predicted SMPP” group had the highest proportion of TC or FQ use across all age groups. This 
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finding suggests that when a child is infected with A2063/2064G-mutated MP and the model predicts SMPP, there is 
a greater tendency to use TCs or FQs for treatment. Clinically, it can be recommended that such children receive TCs or 
FQs as early as possible to prevent disease progression. On the other hand, when the age exceeds 10 years, the curves for 
the “A2063/2064G-mutated MP infection” group and the “A2063/2064G-mutated MP infection + model-predicted 
SMPP” group nearly overlap. This suggests that for children over 10 years old infected with A2063/2064G-mutated 
MP, early use of TCs or FQs can be directly recommended. These results offer age-stratified, evidence-based antibiotic 
recommendations for children with MP mutations, filling an unmet clinical demand and shedding new insight into the 
rational optimization of therapeutic regimens.

In recent decades, global antimicrobial resistance (AMR) has presented a continuously escalating public health crisis, 
posing an enormous threat to human health and being recognized as one of the most severe global challenges comparable 
to climate change. The widespread overuse and misuse of antibiotics have accelerated the emergence and spread of 
multidrug-resistant (MDR) bacterial pathogens, severely limiting conventional therapeutic options and increasing the risk 
of treatment failure, severe complications and mortality. Therefore, it is urgent to develop innovative alternative 
strategies to curb the progression of AMR and replenish the antibacterial therapeutic arsenal. Promising emerging 
approaches include but are not limited to the following three directions. First, bacteriophage-based therapeutics serve 
as a precise alternative strategy to combat MDR bacterial strains, exhibiting high host specificity and low propensity to 
induce cross-resistance.41 Second, targeting bacterial ultra-structures and key functional components such as bacterial 
metallophores can effectively weaken bacterial virulence and provide novel targets for new antibiotic development.42 

Third, the Trojan Horse technique enables targeted delivery of antibiotics into bacterial interior compartments, effectively 
bypassing intrinsic and acquired drug resistance mechanisms of pathogens.43 These novel strategies are expected to 
complement traditional antibiotics and open new avenues for managing drug-resistant MP and other MDR respiratory 
pathogens in the future.

Limitation
This study has several limitations. First, it was conducted as a single-center retrospective observational analysis, which 
may introduce selection bias and limit the generalizability of the established prediction model to other regional 
populations and medical institutions. Second, although we constructed and internally verified the early warning model, 
external multicenter prospective validation is still required to further confirm its stability and clinical applicability. Third, 
this study mainly focused on short-term clinical outcomes and laboratory indicators; long-term follow-up data of children 
with MP infection were not included, which cannot reflect the long-term prognosis and sequelae of the disease. 
Therefore, further large-sample, multicenter, prospective studies are warranted to optimize and externally validate the 
model in the future.

Conclusion
This study confirms that combining A2063/2064G mutation profiling with multidimensional clinical prediction modeling 
offers important clinical implications for improving risk stratification and optimizing treatment algorithms in pediatric 
MPP. Incorporating resistance genotype into clinical evaluation overcomes the limitation of conventional empirical 
management and facilitates early identification of high-risk individuals. Notably, the established model relies on routine 
clinical and laboratory indicators, which makes it simple, cost-effective, and highly suitable for popularization and 
application in primary grassroots medical institutions. The proposed age-stratified antibiotic strategy, tailored to the 
presence or absence of macrolide-resistant mutations, represents a valuable refinement toward personalized and precise 
clinical care, which can serve as a practical reference for routine clinical practice and future related research.
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