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Abstract

Background/Aim. Exacetbation of Mycoplasma pnenmoniae
pneumonia (MPP) in children commonly manifests as se-
vere or refractory disease. The aim of this study was to
evaluate the predictive value of the dynamic percentage
change in C-reactive protein — CRP (ACRP%) and immu-
noglobulin (Ig) G1 subclass for the exacerbation of MPP
in children, and to determine whether their incorporation
into the basic prediction model improves the prediction of
disease exacerbation. Methods. This retrospective study
included hospitalized pediatric patients diagnosed with
MPP between 2020 and 2023, who were enrolled and
stratified according to the occurrence of MPP exacerba-
tion. Baseline clinical characteristics, laboratory parame-
ters, serial CRP measurements (at 0 and 72 hrs), and
IgG1-IgG4 subclass levels were collected. According to
the predicted probabilities generated by the enhanced
model, patients were categorized into three risk groups:
low-risk (< 0.20), medium-risk (0.20-0.35), and high-risk
(= 0.35). Results. Among the 512 pediatric patients, 110
(21.5%) experienced MPP exacerbation. Multivariate analy-

Apstrakt

Uvod/Cilj. Egzacerbacija  (pogor$anje)  pneumonije
izazvane Mpycoplasmom  pnenmoniae  (Mycoplasma  pnenmoniae
pneumonija — MPP) kod dece obi¢no se manifestuje kao
teska ili refraktorna bolest. Cilj rada bio je da se proceni

sis identified fever duration, bilateral lung involvement, de-
creased lymphocyte percentage, elevated lactate dehydro-
genase, increased D-dimer, higher ACRPY% (per 10 percent-
age-point increase), and low IgG1 levels as independent
predictors (p < 0.05). The enhanced model demonstrated
superior discriminative performance, with an area under
the receiver operating characteristic (ROC) curve (AUC) of
0.873, significantly higher than that of the basic model
(0.792; p = 0.004). Risk stratification analysis showed a
progressive increase in the observed exacerbation rate
across the low-, medium-, and high-risk groups (approxi-
mately 10%, 30%, and 50%, respectively). Conclusion.
Both ACRPY% and low IgG1 levels are independent predic-
tors of MPP exacerbation in children. The incorporation of
these markers significantly improves the model’s discrimi-
nation, calibration, and clinical utility for predicting the risk
of disease progression.

Keywords:

biomarkers; c-reactive protein; disease progression;
immunoglobulin g; models, statistical; mycoplasma
pneumoniae; pneumonia, mycoplasma; prognosis.

prediktivna vrednost dinamicke procentualne promene C-
reaktivnog proteina — CRP (ACRP%) 1 potklase
imunoglobulina (Ig) G1 za pogorsanje MPP kod dece kao i
da se utvrdi da li njihovo ukljucivanje u osnovni prediktivni
model poboljsava predvidanje pogorsanja bolesti. Metode.
Ovom retrospektivnom studijom obuhvaceni su pedijatrijski
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bolesnici sa dijagnozom MPP u periodu izmedu 2020. i
2023. godine, koji su ukljuceni u studiju i svrstani u grupe
prema pojavi pogorsanja MPP. Prikupljeni su pocetni
klinicki podaci, laboratorijski parametri, rezultati serijskih
merenja CRP-a (u 0. i 72. satu), kao i nivoi potklasa IgG1—
IgG4. Prema predvidenim verovatno¢ama koje je generisao
unapredeni model, bolesnici su podeljeni u tri grupe rizika:
nizak rizik (< 0,20), sredniji rizik (0,20-0,35) 1 visok rizik (=
0,35). Rezultati. Od 512 pedijatrijskih bolesnika, kod njih
110 (21,5%)  zabelezeno je  pogorsanje  MPP.
Multivarijantnom  analizom kao nezavisni prediktori
identifikovani su trajanje groznice, obostrana zahvacenost
pluéa, snizen procenat limfocita, povisena laktat
dehidrogenaza, povisen D-dimer, visi ACRP% (po
povecanju od 10 procentnih poena) i niski nivoi IgG1
(p <0,05. Unapredeni model je pokazao bolju

diskriminativiu sposobnost, sa vrednoséu povrsine ispod
receiver operating characteristic ROC) krive (area under the curve —
AUC) od 0,873, sto je znacajno vise nego kod osnovnog
modela (0,792; p = 0,004). Analizom stratifikacije rizika
pokazano je progresivno poveéanje stope primecenih
egzacerbacija u grupama niskog, srednjeg i visokog rizika
(priblizno 10%, 30% i 50%, redom). Zaklju¢ak. I ACRP% i
niski nivoi IgG1 nezavisni su prediktori egzacerbacije MPP
kod dece. Ukljuc¢ivanje tih markera znacajno poboljsava
diskriminativiu sposobnost, kalibraciju i klinicku korisnost
modela za predvidanje rizika od progresije bolesti.

Kljucne reci:

biomarkeri; c-reaktivni protein; bolest, progresija;
imunoglobulin g; modeli, statistiCki; mycoplasma
pneumoniae; pneumonija, mikoplazma; prognoza.

Introduction

Mycoplasma pneumoniae (MP) is one of the most
common pathogens responsible for community-acquired
pneumonia in children, accounting for approximately 10—
40% of cases among hospitalized pediatric patients . Alt-
hough most children experience mild disease with favorable
outcomes, the incidence rate of MP pneumonia (MPP) exac-
erbation has increased in recent years. For example, a 2024
study involving 526 pediatric patients with MPP reported
that approximately 12% developed severe disease 2. These
severe cases are characterized by a higher incidence of lung
consolidation, progressive lung injury, and even respiratory
failure compared with non-severe cases, resulting in pro-
longed hospitalization, increased treatment complexity, and a
greater burden on healthcare resources. Although the patho-
genesis of MPP remains incompletely understood, accumu-
lating evidence suggests that a dysregulated inflammatory
response, an immune dysfunction, and pathogen virulence
are key contributing factors 2.

Currently, early identification of MPP exacerbation re-
mains a major challenge in clinical practice. Most existing stud-
ies focus on risk assessment based on single inflammatory
markers, imaging findings, or routine clinical variables at ad-
mission *. However, these methods may not adequately capture
disease progression, as they rely on static measurements and
fail to reflect the dynamic nature of the inflammatory response.
For instance, C-reactive protein (CRP) is a commonly used in-
flammatory biomarker, but its predictive value based on a sin-
gle measurement is limited by substantial inter-individual vari-
ability °. Emerging evidence indicates that CRP is not only a
marker of inflammation but may also contribute to lung epithe-
lial cell injury by activating p38 mitogen-activated protein ki-
nase and mitochondrial apoptotic pathways, thereby being as-
sociated with worse clinical outcomes . Moreover, immune
function plays a critical role in MPP progression 7. A previous
study has shown that children with MPP exacerbation exhibit
impaired activation of T cells, an imbalance in CD4*/CD8* T-
cell subsets, and reduced anti-inflammatory capacity 8. Despite
these findings, the role of immunoglobulin (Ig) G subclasses,

such as IgG1, in the exacerbation of MPP remains insufficient-
ly explored. Moreover, the relationship between humoral im-
mune reserve indicators (such as IgG subclasses) and the risk of
disease exacerbation has not been systematically investigated.

Therefore, the aim of this study was to evaluate the pre-
dictive value of the dynamic percentage change in CRP
(ACRP%) and IgG subclasses for MPP exacerbation in chil-
dren, integrating both inflammatory dynamics and humoral
immune status by using the basic model (BM) and enhanced
model (EM). This integrated approach aims to provide a practi-
cal tool for early risk stratification and individualized manage-
ment of MPP exacerbation in children.

Methods

Study design and sample size estimation

A single-center retrospective cohort design was adopted
in this study. According to the events per variable principle
for prediction modeling, at least 10 outcome events are re-
quired per variable independent principle. Based on a
planned inclusion of 12-15 candidate predictors, a minimum
of 120 severe events was required. Considering the previous-
ly reported incidence of MPP exacerbation in children (ap-
proximately 20-25%), the estimated total sample size ranged
from 480 to 600 cases. All consecutive patients meeting the
inclusion criteria during the study period were screened, and
only those with complete data for key variables, including
CRP measurements at both 0 and 72 hrs and IgG subclass
levels, were included in the final analysis. No cases with
missing data for these variables were retained, and a com-
plete-case analysis was performed. A total of 512 pediatric
patients were ultimately enrolled, including 110 (21.5%) cases
of MPP exacerbation, thereby meeting the predefined sample
size requirements and ensuring adequate statistical power.

Subjects and eligibility criteria

Children diagnosed with MPP and hospitalized between
January 2020 and December 2023 were consecutively en-
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rolled. Complete clinical data, laboratory results, 1gG sub-
class measurements, and follow-up information were availa-
ble for all included patients. The study was approved by the
Ethics Committee of the People’s Hospital of Cangnan, Chi-
na (from January 02, 2020), and all procedures complied
with relevant ethical standards.

Inclusion criteria were as follows: age 1 to 16 years;
meeting at least one of the following clinical and etiological
diagnostic criteria for MPP °: a positive MP polymerase
chain reaction (PCR) result from throat swabs or respiratory
secretions, an MP-specific IgM antibody titer > 1 : 160 or a >
4-fold increase in paired sera, and completion of CRP meas-
urements at 0 and 72 hrs after admission.

The exclusion criteria were the following: diagnosed
immunodeficiency or ongoing long-term immunosuppressive
therapy; co-infection with other pathogens (such as influenza
virus, adenovirus, or Streptococcus (S.) pneumoniae, etc.) or
mixed infections, and presence of severe underlying diseases
(such as congenital heart disease, neuromuscular disease, or
chronic lung disease).

Etiological confirmation

Respiratory specimens were collected to detect MP de-
oxyribonucleic acid — DNA using real-time fluorescence
quantitative PCR, which served as a primary basis for con-
firming the diagnosis of MPP. Commercial nucleic acid am-
plification kits (Daan Gene, Guangzhou, China) were used
according to the manufacturer’s instructions, with a cycle
threshold value < 35 considered positive. To exclude mixed
infections, all patients were concurrently screened for com-
mon respiratory viruses and bacterial pathogens, such as in-
fluenza virus, adenovirus, respiratory syncytial virus, and S.
pneumoniae. Only patients with confirmed single MP infec-
tion were included in the subsequent modeling and analysis.

Collection of clinical data

Baseline data, including age, gender, previous illnesses,
fever duration prior to admission, presence of wheezing, ex-
tent of radiological involvement (unilateral or bilateral), and
use of glucocorticoid during hospitalization, were collected.

All imaging findings were independently reviewed by
two experienced pediatric radiologists in a double-blind
manner. In cases of disagreement, a third senior radiologist
adjudicated the final interpretation to ensure consistency. Bi-
lateral lung involvement was defined as the presence of con-
solidation, infiltrates, or reticular patterns in both lungs.

The primary outcome of this study was defined as MPP
exacerbation, operationalized as a composite endpoint occur-
ring during hospitalization. Specifically, MPP exacerbation
was defined as the occurrence of at least one of the following
criteria: the requirement for non-invasive or invasive me-
chanical ventilation; a significant decrease in the PaO,/FiO,
ratio indicating respiratory impairment; the development of
imaging-confirmed pleural effusion or the rapid progression
of lung consolidation on serial imaging. These criteria were
considered clinically relevant indicators of disease exacerba-
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tion, and fulfillment of any single criterion was deemed suf-
ficient to classify a case as having experienced exacerbation
(such as an “or” composite definition), without applying a
hierarchical weighting scheme.

Outcome ascertainment was performed retrospectively
based on a comprehensive review of electronic medical rec-
ords, including clinical notes, laboratory data, and imaging
reports throughout hospitalization. To enhance the reliability
of outcome classification, two independent senior pediatric
clinicians, blinded to model variables, reviewed all cases. In
cases of disagreement, a third senior clinician adjudicated the
final classification. The same double-blind principle applied
to imaging interpretation was extended to outcome assess-
ment to ensure consistency.

Detection of laboratory indicators

All routine laboratory tests were performed within 24
hrs after admission, and key biochemical parameters were
reassessed at 72 hrs to evaluate dynamic changes in inflam-
matory status. Hematological parameters, including white
blood cell (WBC) count and lymphocyte percentage, were
measured using a Sysmex XN-series automated hematology
analyzer (Sysmex Corporation, Kobe, Japan). Biochemical
markers, including lactate dehydrogenase (LDH) and D-
dimer, were measured using an AU5800 full-automatic bio-
chemistry analyzer (Beckman Coulter Inc., Brea, CA, USA).
All assays were conducted using serum or plasma as appro-
priate for each test, and standard quality control and calibra-
tion procedures were strictly followed to ensure the accuracy
and reliability of the measurements. Detailed age-specific
reference ranges for laboratory parameters used in the pre-
sent study are provided in Supplementary Table 1.

Measurement of the inflammatory marker C-reactive
protein

CRP levels were measured using immunoturbidimetry
on AU-series full-automatic biochemistry analyzers (Beck-
man Coulter Inc., Brea, CA, USA). To assess dynamic
changes in the inflammatory response, CRP was measured at
admission (CRPons) and approximately 72 hrs after admis-
sion (CRP7uns). ACRP% was calculated as a percentage
change in CRP levels using the following formula: ACRP%
= (CRPnhrs - CRPOhrs) / CRPOhrs x 100%. Thus, ACRP% rep-
resents the percentage-point change in CRP over 72 hrs. For
regression analyses, ACRP% was scaled per 10 percentage-
point increase to improve interpretability of effect estimates.
A positive ACRP% indicates persistence or an increase of in-
flammation, whereas a negative value reflects a decline.

Detection of immunoglobulin G subclasses as
immunological indicators

Serum 1gG subclasses (IgG1, 1gG2, 1gG3, and 1gG4)
were measured using immunonephelometry on a BN-series
nephelometer (Mindray® Bio-Medical Electronics Co., Ltd.,
Shenzhen, China). The testing results were evaluated against
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age-stratified reference intervals provided by the manufac-
turer for the BN-series system, which are routinely applied in
clinical laboratory practice. Specifically, age-specific lower
limits of normal were used for each IgG subclass, and pa-
tients were classified as having “low” levels if their meas-
ured values fell below the corresponding age-adjusted
threshold. Given the wide age range of the study population
(1-16 years), the detailed age-stratified reference intervals
used for classification are provided in Supplementary Table
2 to ensure transparency and reproducibility. A low IgG1l
level was considered an important marker of impaired hu-
moral immunity reserve and was incorporated as a key im-
munological predictor in EM. Measurement of IgG sub-
classes facilitates assessment of immune function in pediatric
patients and enables exploration of their potential associa-
tions with the risk of disease exacerbation.

Construction of logistic regression prediction models

Prediction models for the risk of MPP exacerbation in
children were developed using a logistic regression frame-
work, including BM and EM. Prior to model construction,
the linearity assumption between continuous predictors and
the logit of the outcome was evaluated using the Box-
Tidwell test and visual inspection of locally weighted scat-
terplot smoothing (locally estimated scatterplot smoothing —
LOESS) curves. The results indicated that most continuous
variables, including lymphocyte percentage, LDH, and D-
dimer, approximately satisfied the linearity assumption. For
ACRP%, although mild deviation from strict linearity was
suggested by exploratory analysis and SHapley Additive ex-
Planations (SHAP) plots, the relationship was considered ap-
proximately linear within the main data range; therefore, it
was retained as a continuous variable in the logistic regres-
sion model for interpretability. No variables required trans-
formation using restricted cubic splines or categorization.
Given the potential for nonlinearity, ACRP% was additional-
ly scaled per 10 percentage-point increase to improve model
stability and interpretability of the regression coefficients.
Moreover, the variables with significant multicollinearity
(variance inflation factor > 5) were excluded or combined.

BM included routine clinical and laboratory variables,
including age, fever duration, WBC count, lymphocyte per-
centage, LDH, D-dimer levels, and extent of imaging in-
volvement (unilateral/bilateral). Based on this model, two ad-
ditional predictors, namely ACRP% and IgGl low (0/1),
were incorporated to construct EM. EM was developed to as-
sess the incremental predictive value of dynamic inflammato-
ry changes and humoral immune reserve in estimating the risk
of MPP exacerbation. Model performance was comprehen-
sively assessed in terms of discrimination, calibration, and
clinical utility. Furthermore, to explore potential nonlinear ef-
fects and interactions among predictors, the eXtreme Gradient
Boosting (XGBoost) algorithm combined with SHAP was
employed to enhance interpretability and validate the robust-
ness of the findings. Model performance was evaluated using
receiver operating characteristic (ROC) curve analysis. The
area under the curve (AUC), sensitivity, and specificity were

calculated and compared between the two models. Differ-
ences in AUC were assessed using the DeLong test.

Goodness-of-fit and calibration performance of
the logistic regression model

Model fit was assessed using the Hosmer-Lemeshow
goodness-of-fit (HL test). Calibration performance was eval-
uated using calibration curves, calibration slopes, and inter-
cepts to examine the agreement between predicted probabili-
ties and observed event rates.

Decision curve analysis

Decision curve analysis (DCA) was performed to eval-
uate the clinical net benefit of the models across a range of
threshold probabilities. The performance of EM, BM, and
“Treat All”/“Treat None” strategies was compared to assess
their clinical utility. Models demonstrating higher net benefit
across a broader range of thresholds were considered to have
greater clinical applicability.

Internal validation of the enhanced model

The stability and generalization ability of EM were
evaluated using bootstrap resampling (1,000 resamples). For
each resampling, the model was reconstructed, and the AUC
was calculated, generating an empirical distribution of AUC
values and enabling estimation of a bootstrap-corrected
AUC. This procedure was applied to reduce optimism bias
and mitigate the impact of overfitting on performance esti-
mates. Model calibration was further assessed using the Brier
score as a measure of overall prediction error, with lower
values indicating better calibration and more accurate proba-
bility estimates.

Risk stratification analysis of the enhanced model

Patients were categorized into three risk groups accord-
ing to the predicted probabilities generated by EM: low-risk
(< 0.20), medium-risk (0.20-0.35), and high-risk (>0.35).
Observed incidence rates of MPP exacerbation were com-
pared across these groups to evaluate the model’s risk strati-
fication performance and clinical interpretability. A progres-
sive increase in event rates across risk categories was con-
sidered indicative of effective risk discrimination, supporting
the use of the model for risk-adapted clinical management.

Establishment of a nonlinear model and analysis
of interpretability (XGBoost + SHAP)

In the present study, an XGBoost-based nonlinear pre-
diction model was developed to validate the robustness of
incremental indicators (ACRP% and IgG1 low) and to ex-
plore potential nonlinear effects. Model hyperparameters
were optimized using 5-fold cross-validation, so as to en-
hance generalizability. Following model training, the SHAP
framework was applied to quantify the contribution and im-
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portance of individual features. SHAP summary plots were
generated to illustrate the global ranking of feature im-
portance. In addition, SHAP dependence plots were used to
evaluate the marginal effects of key variables (such as
ACRP% and IgG1 low) at different values and to explore
their interactions with other predictors, such as lymphocyte
percentage and LDH. This approach complements the lo-
gistic regression model by capturing complex nonlinear rela-
tionships and interaction patterns, thereby improving model
interpretability and supporting the biological plausibility of
the identified predictors.

Statistical analysis

All statistical analyses were performed using SPSS ver-
sion 26.0 and Python version 3.10. The distribution of con-
tinuous variables was assessed using the Shapiro-Wilk nor-
mality test. Normally distributed variables are presented as
mean * standard deviation and were compared using the in-
dependent-samples t-test. Non-normally distributed variables
are expressed as median (interquartile range — IQR) and were
compared using the Mann-Whitney U test. Categorical vari-
ables are presented as frequencies (percentages) and were
compared using the 2 test or Fisher’s exact test, as appropri-
ate. Variables with p < 0.10 in univariate analysis were en-
tered into multivariate logistic regression analysis. Independ-
ent predictors were identified using a bidirectional stepwise
selection procedure. All statistical tests were two-sided, and
p < 0.05 was considered statistically significant.

Results

Comparison of clinical baseline characteristics and
laboratory features in pediatric patients

A total of 512 pediatric patients with confirmed MPP
were included in this study, of whom 110 (21.5%) experi-
enced exacerbation. Compared with the non-exacerbation
group, patients in the exacerbation group were younger,
had a longer duration of fever, and exhibited a higher pro-
portion of bilateral lung involvement (p < 0.05). Laborato-
ry findings showed that WBC count, LDH, and D-dimer
levels were elevated, whereas lymphocyte percentage was
lowered in the exacerbation group. A significant difference
in the magnitude of CRP dynamic percentage change
(ACRP%) was observed (p < 0.001), indicating that a per-
sistent inflammatory response is closely associated with
disease exacerbation. Disease immunological indicators,
low 1gG1 and 1gG4 levels, were more frequently observed
in the exacerbation group (p < 0.01), whereas no signifi-
cant differences were found for 1gG2 and IgG3 levels.
Moreover, patients in the exacerbation group had longer
hospital stays and a higher rate of corticosteroid use
(p <0.001) (Table 1). Overall, age, duration of fever, ex-
tent of radiological involvement, dynamic changes in CRP,
and abnormalities in 1gG subclasses were significantly as-
sociated with MPP exacerbation and were, therefore, con-
sidered candidate predictors for subsequent model devel-
opment.

Table 1
Baseline features of enrolled children
Groups L
Variable non-exacerbation exacerbation Stz\a/tf;ﬁ;cal p-value
(n =402) (n=110)

Age, years 6.6 +2.7 57+3.1 t=254 0.012
Male 218 (54.2) 66 (60.0) ¥ =1.16 0.28
Duration of fever before admission, days 6.1+2.0 7.1+26 t=3.81 <0.001
Bilateral lung involvement 104 (25.9) 60 (54.5) ¥ =327 <0.001
History of wheezing 61 (15.2) 15 (13.6) ¥ =0.17 0.68
WBC count, x10%/L 8.4+3.4 9.8+4.0 t=2097 0.003
Lymphocyte, % 33.9+12.8 27.3+125 t=4.11 <0.001
LDH, U/L 345 (275-416) 427 (360-512) Z=455 <0.001
D-dimer, mg/L 0.55 (0.35-0.88) 0.97 (0.63-1.65) 72=427 <0.001
CRPors, mg/L 43.2+265 63.5+30.4 t=6.05 <0.001
ACRP% -33.8+389 +8.9+47.1 t=771 <0.001
Low levels, g/L.

1gG1 47 (11.7) 31 (28.2) ¥ =15.6 <0.001

1gG2 38 (9.5) 18 (16.4) ¥ =3.99 0.046

1gG3 27 (6.7) 7 (6.4) ¥ =0.01 0.91

1gG4 26 (6.5) 16 (14.5) ¥ =7.62 0.006
Glucocorticoid use 60 (14.9) 44 (40.0) ¥ =333 <0.001
Length of hospital stay, days 7 (6-9) 11 (9-15) 2=7.92 <0.001

WBC - white blood cell; LDH - lactate dehydrogenase; CRP — C-reactive protein; 1gG — immunoglobulin G;

n — number of patients.

Values are given as numbers (percentages) or mean + standard deviation, except for length of hospital stay, LDH,
and D-dimer, which are expressed as median (interquartile range).

Note: Reference ranges for D-dimer and CRP for all pediatric ages: < 0.5 mg/L, < 8 mg/L, respectively. Other

reference ranges are shown in Supplementary Table 1.
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Results of univariate and multivariate logistic
regression analyses

All continuous variables were assessed for linearity
with the logit prior to modeling. Most variables approximate-
ly satisfied the linearity assumption. Although ACRP%
showed mild deviation from strict linearity, it was considered
approximately linear within the main data range and was,
therefore, retained as a continuous variable. Univariate anal-
ysis showed that age, duration of fever, bilateral lung in-
volvement, WBC count, lymphocyte percentage, LDH, D-
dimer, ACRP%, and low IgG1 and IgG4 levels were signifi-
cantly associated with MPP exacerbation (p < 0.05). Varia-
bles with p < 0.10 in univariate analysis were entered into
multivariate logistic regression. Duration of fever [odds ratio
(OR) = 1.18, 95% confidence interval (Cl): 1.05-1.34, p =
0.007], bilateral lung involvement (OR = 2.41, 95% CI:
1.45-4.01, p = 0.001), lymphocyte percentage (OR = 0.97,
95% CI: 0.95-0.99, p = 0.008), LDH (OR = 1.003, 95% CI:
1.001-1.006, p = 0.012), D-dimer (OR = 1.79, 95% CI:
1.05-3.06, p = 0.032), ACRP% (per 10 percentage-point in-
crease) (OR = 1.22, 95% CI: 1.08-1.38, p = 0.001), and low
1gG1 (OR = 2.15, 95% CI: 1.18-3.94, p = 0.012) were iden-
tified as independent predictors of MPP exacerbation in chil-
dren (Table 2).

Glucocorticoid use, as an intervention-related variable,
was excluded from the primary prediction model because
corticosteroid administration was a post-admission treatment
decision potentially influenced by early clinical severity as-
sessment. To evaluate potential confounding by indication,
sensitivity analyses were additionally performed. After fur-
ther adjustment for glucocorticoid use as a covariate,
ACRP% (adjusted OR = 1.19, 95% CI: 1.05-1.35, p = 0.006)
and low IgG1 status (adjusted OR = 2.02, 95% CI: 1.10-
3.73, p = 0.024) remained independently associated with

MPP exacerbation. Similar findings were observed after ex-
cluding patients who received glucocorticoid therapy during
hospitalization, with no material changes in model discrimi-
nation or effect estimates, supporting the robustness of the
primary model.

Discriminating performance of logistic regression
models

To evaluate model discrimination, BM and EM were
constructed for comparison. BM incorporated routine clinical
variables, such as age, duration of fever, WBC count, lym-
phocyte percentage, LDH, D-dimer, and extent of radiologi-
cal involvement. EM further incorporated ACRP% and low
IgG1 status (IgG1l_low). ROC analysis showed that both
models demonstrated good discriminative performance for
predicting MPP exacerbation in children. BM achieved an
AUC of 0.792 (95% CI: 0.743-0.838), sensitivity of 73.6%,
and specificity of 71.2%. EM showed improved perfor-
mance, with an AUC of 0.873 (95% CI: 0.835-0.908), sensi-
tivity of 82.7%, and specificity of 80.4% (Figure 1). The dif-
ference in AUC between the two models was 0.083 (p =
0.004), indicating that the inclusion of ACRP% and low
IgG1 significantly improved model discrimination. These
findings suggest that dynamic inflammatory changes and
humoral immune dysfunction provide additional predictive
value for MPP exacerbation in children.

Goodness-of-fit and calibration performance of logistic
regression models

To further evaluate the agreement between predicted
probabilities and observed event rates, the HL test and cali-
bration curves were applied. EM vyielded an HL test p-value
of 0.72, indicating adequate model fitting. Similarly, BM

Table 2
Results of univariate and multivariate logistic regression analyses for MPP exacerbation in children
Variable OR of univariate p-value OR of multivariate p-value
analysis (95% CI) analysis (95% CI)

Age, years 0.89 (0.82-0.96) 0.003 0.92 (0.84-1.01) 0.074
Duration of fever, days 1.32 (1.17-1.49) <0.001 1.18 (1.05-1.34) 0.007
Bilateral lung involvement 3.49 (2.25-5.40) <0.001 2.41 (1.45-4.01) 0.001
WBC count, x10%/L 1.09 (1.03-1.16) 0.004 1.05 (0.98-1.13) 0.165
Lymphocyte, % 0.95 (0.93-0.97) <0.001 0.97 (0.95-0.99) 0.008
LDH, U/L 1.006 (1.004-1.009) <0.001 1.003 (1.001-1.006) 0.012
D-dimer, mg/L 2.84 (1.83-4.41) <0.001 1.79 (1.05-3.06) 0.032
Initial CRP level, mg/L 1.02 (1.01-1.03) <0.001 - -
ACRP% (per 10 percentage-point increase) 1.31 (1.19-1.45) <0.001 1.22 (1.08-1.38) 0.001
Low levels, g/L

19gG1 2.96 (1.72-5.08) <0.001 2.15(1.18-3.94) 0.012

9G4 2.44 (1.19-4.98) 0.015 1.89 (0.92-3.87) 0.083
Glucocorticoid use 3.91 (2.44-6.27) < 0.001 = =

MPP — Mycoplasma pneumoniae pneumonia; OR — odds ratio; Cl — confidence interval; WBC — white blood cell;
LDH - lactate dehydrogenase; CRP — C-reactive protein; 1gG — immunoglobulin G.

Note: “Glucocorticoid use as an

intervention-related variable was excluded from the prediction model.

The multivariate model was constructed using bidirectional stepwise regression, incorporating variables with p < 0.10
identified in univariate analysis. For reference ranges for laboratory parameters, see Table 1 and Supplementary

Table 1.
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showed a p-value of 0.41, which also indicates acceptable
calibration with no evidence of poor fit. In both models, pre-
dicted probabilities generally increased with higher observed
risk of severe disease. However, the calibration curve of EM
was closer to the ideal reference line, indicating better
agreement between predicted and observed outcomes. By
contrast, BM demonstrated a tendency to underestimate risk
in the medium-to-high probability range. Compared with
BM, EM demonstrated improved calibration performance, as
reflected by a calibration slope closer to 1 and an intercept
closer to 0, indicating better agreement between predicted
and observed risks across the full range of probabilities.
Overall, although both models demonstrated acceptable cali-

Wu L, et al. Vojnosanit Pregl 2026; 83(6): 335-347.

bration based on the HL test, EM showed superior calibra-
tion characteristics based on graphical assessment and cali-
bration metrics, supporting its greater reliability for early risk
stratification in clinical practice (Figure 2).

Decision curve analysis results of logistic regression
models

DCA was performed to evaluate the clinical net benefit
of the prediction models across a range of threshold proba-
bilities. Within the threshold probability range of 0.1-0.7,
EM consistently demonstrated higher net benefits than BM
as well as the “Treat All” and “Treat None” strategies, indi-
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cating superior clinical utility across a broad range of deci-
sion thresholds. Notably, EM showed the greatest improve-
ment in net benefit within the 0.2-0.5 threshold range, sug-
gesting that the inclusion of ACRP% and IgG1 low substan-
tially enhances the model’s clinical applicability (Figure 3).
Overall, EM not only improved discriminative performance
but also reduced potential clinical harm associated with over-
treatment and missed diagnoses, thereby providing more
practical support for risk stratification and individualized
management of MPP exacerbation in children.

Results of internal validation of the enhanced model
Internal validation of EM was performed with 1,000

bootstrap resamples. The median bootstrap-corrected AUC
was 0.823 (95% ClI: 0.785-0.865), which was consistent

0.4r

0.3}

Clinical net benefit

-0.2 :

with the apparent AUC, indicating a low risk of overfitting
(Figure 4A). Calibration curves demonstrated excellent
agreement between predicted probabilities and observed
event rates. The model showed strong calibration in the low-
and medium-risk ranges, with a slight overestimation in the
high-risk group. However, the overall trend remained close
to the ideal reference line (Figure 4B). The Brier score of the
model was 0.114, further confirming good calibration per-
formance and overall predictive accuracy.

Stratification results of the enhanced model-predicted
risks

Applying the stratification into three groups according
to model-predicted probabilities, the observed incidence of
MPP exacerbation was approximately 10% in the low-risk

m— Enhanced model
Baseline model
=== Treat all

Treat none

0.0 0.2 0.4

0.6 0.8 1.0
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Fig. 3 — Decision curve analysis results of logistic regression models.
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group, which was substantially lower than the overall rate.
The incidence increased to approximately 30% in the medi-
um-risk group and further increased to around 50% in the
high-risk group, consistent with the model-predicted trends.
A clear stepwise increase in event rates was observed across
the three risk groups, indicating good discriminatory ability
of the model for identifying patients at different levels of ex-
acerbation risk. Notably, the high-risk group exhibited an ex-
acerbation rate of nearly 50%, highlighting its clinical rele-
vance for identifying patients who may benefit from early in-
tervention or closer monitoring. In contrast, the low-risk
group showed a markedly lower risk, supporting the poten-
tial to reduce unnecessary treatments or imaging examina-
tions in this population (Figure 5).

Nonlinear XGBoost model and SHAP interpretability
analysis

To further examine the robustness of key predictors and
enhance model interpretability, a nonlinear classification
model based on XGBoost was developed using the same fea-
ture set as the enhanced logistic model. The XGBoost algo-
rithm can automatically capture nonlinear relationships and
higher-order interactions among variables, thereby comple-
menting the limitations of linear logistic regression models in
modeling complex feature contributions. SHAP analysis was
subsequently applied to interpret the model. The XGBoost
model exhibited good predictive performance during 5-fold

cross-validation, with a mean AUC of 0.851 (95% CI:
0.823-0.884), sensitivity of 80.2%, and specificity of 77.5%
(Supplementary Figure 1). These findings indicated accepta-
ble out-of-sample discrimination and supported the reliability
of subsequent SHAP-based interpretability analyses.

The SHAP summary plot of the XGBoost model
(Figure 6A) was largely consistent with the results of the lo-
gistic regression model, identifying lymphocyte percentage,
duration of fever, bilateral lung involvement, ACRP%, and
low 1gG1 as key contributors to the prediction of MPP exac-
erbation. Notably, ACRP% and low IgG1 demonstrated more
pronounced contributions in the nonlinear model, suggesting
that these variables may exert complex, interaction-
dependent effects beyond simple linear associations.

SHAP dependency plots further elucidated potential
interaction patterns among variables. For ACRP%, SHAP
values increased markedly in the case of “insufficient de-
cline” or “re-escalation”, indicating that persistent inflam-
matory activity is strongly associated with a higher risk of
exacerbation. This effect was further amplified in the pres-
ence of lymphopenia, reflecting a combined effect of in-
creased inflammatory burden and impaired immune response
(Figure 6B). For low IgG1 status, SHAP values were con-
sistently higher when IgG1_low = 1, indicating that reduced
humoral immune reserve is an important risk factor. This ef-
fect was more pronounced in patients with elevated LDH,
suggesting a potential synergistic interaction between im-
mune dysfunction and tissue injury (Figure 6C).
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Fig. 5 — Stratification results of the enhanced model-predicted risks.
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Discussion

In the present study, we systematically evaluated the
predictive value of ACRP% and low IgG1 for disease exac-
erbation using clinical data from 512 pediatric patients with
MPP. Both BM and EM were developed and compared. EM,
incorporating ACRP% and IgG1 low, demonstrated superior
predictive performance compared with BM (AUC = 0.083),
along with good model calibration and effective risk stratifi-
cation.

CRP is a crucial marker of inflammatory response, and
its dynamic change (ACRP%) may better reflect the persis-
tence and intensity of inflammation than a single measure-
ment 1 In this study, ACRP% made a substantial contribu-
tion to EM and showed interactions with lymphocyte per-
centage and LDH. These findings are consistent with previ-
ous research results. For example, Zhang et al. 1 reported
that the combined detection of CRP and LDH could serve as
a marker of disease severity in pediatric MPP. Besides, Rec-
cardini et al. ! also uncovered an association between
ACRP% and disease progression, supporting the relevance of
CRP changes in predicting clinical deterioration. The predic-
tive value of ACRP% likely lies in its ability to capture the
temporal evolution of inflammatory responses, whereas stat-
ic CRP measurements may not fully reflect the trajectory of
disease progression.

IgG1 is a major component of humoral immunity, and
reduced levels may impair pathogen clearance and host de-
fense 2. In our study, low IgG1 was identified as an im-
portant contributor to EM and interacted with lymphocyte
percentage. Lee et al. ** reported a 1-year mortality rate of
56% in patients with 1gG1 deficiency compared with defi-
ciencies in other 1gG subclasses, suggesting its potential
prognostic relevance. Moreover, IgG1 deficiency has been
associated with increased susceptibility to infections and
immune dysregulation °. Taken together, these findings sug-
gest that reduced IgG1 levels may contribute to persistent in-
fection and sustained inflammatory responses, thereby in-
creasing the risk of disease exacerbation.

The results of the XGBoost model were largely con-
sistent with those of the enhanced logistic regression model,
while additionally revealing nonlinear and interaction effects
that cannot be captured by the latter. These findings further
support the critical roles of dynamic CRP changes and low
IgG1 in the MPP exacerbation in children. The complemen-
tary use of these modeling approaches strengthens the ro-
bustness of model interpretation and provides mechanistic
insight into the clinical significance of persistent inflamma-
tion and impaired immune reserve.

EM demonstrated improved discriminative performance
and satisfactory calibration, indicating that the inclusion of
ACRP% and IgG1_low provides incremental predictive val-
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ue. This finding is consistent with previous studies empha-
sizing the advantages of multiparametric models in MPP risk
assessment. For instance, Chen et al. ® showed that composite
indicators, such as CRP-neutrophil to lymphocyte ratio (C-
NLR) and lymphocyte-CRP ratio (LCR), improved the pre-
diction of refractory MPP. Furthermore, the XGBoost +
SHAP analysis in our study revealed potential interactions
between ACRP%, IgG1 low, and other variables (such as
lymphocyte percentage and LDH), suggesting that these fac-
tors may jointly influence disease progression. For instance,
reduced lymphocyte percentage may reflect immune sup-
pression, while elevated LDH may indicate tissue injury.
Their combined effects with ACRP% and IgGl low may
contribute to a higher risk of exacerbation 6.

Risk stratification analysis further demonstrated that the
observed incidence of severe disease increased from approx-
imately 10% in the low-risk group to nearly 50% in the high-
risk group, highlighting the clinical relevance of the model.
These findings support the potential utility of early risk iden-
tification in guiding clinical management. Jiang et al. 17 re-
ported that early recognition of high-risk patients enables
timely adjustment of treatment strategies, such as the use of
immunomodulatory therapy or intensified supportive care,
thereby improving outcomes. In addition, previous studies
have shown that inflammatory biomarkers (such as CRP and
IgM) can help predict the complications of MPP, including
pleural effusion 8 1, Building on this evidence, our study
suggests that ACRP% and IgG1 low may provide additional
value in predicting overall exacerbation risk.

Limitation of the study
Nevertheless, several limitations should be acknowl-

edged. Firstly, this was a single-center retrospective study,
and although internal validation using bootstrap resampling

(1,000 iterations) was performed, no external validation was
conducted. Therefore, the generalizability of the model re-
mains uncertain. Notably, ACRP% and IgG1 measurements
depend on specific analytical platforms (such as Beckman
Coulter AU-series and Mindray® BN-series), and inter-
laboratory variability may introduce systematic differences,
potentially affecting model performance in other settings.
This suggests a moderate risk of limited transportability. Fu-
ture studies should prioritize external validation in independ-
ent multicenter cohorts. In addition, temporal validation
(such as training on 2020-2022 data and testing on 2023 da-
ta) may provide a more robust assessment of model stability.
Standardization of laboratory measurements may further im-
prove model applicability. Secondly, although ACRP% and
low 1gG1 were identified as key predictors, 19gG subclass
testing is not routinely performed in many pediatric settings,
which may limit clinical applicability. Future studies are
warranted to explore alternative markers and validate these
findings in larger populations.

Conclusion

Ultimately, we developed a prediction model for pediat-
ric Mycoplasma pneumoniae pneumonia that demonstrated
good discriminative performance, calibration, and risk stratifi-
cation, with the dynamic percentage change in C-reactive pro-
tein and immunoglobulin G1 as key predictors. These findings
provide additional insight into the early identification of My-
coplasma pneumoniae pneumonia exacerbation and suggest a
potential framework for risk assessment integrating inflamma-
tory dynamics and immune status in clinical practice.
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Supplementary Table 1

Age-specific reference ranges for laboratory parameters used in the present study

Age group, years WBC, x10%L  Lymphocyte, % LDH,U/L  1gG1,g/L  19gG2,g/L  19gG3,g/L  1gG4, g/L
1-3 6.0-17.0 50-70 150-450 2.3-6.3 0.4-15 0.2-1.2 0.01-0.5
4-6 5.5-15.5 40-60 140-400 3.0-8.0 0.5-2.0 0.3-15 0.02-0.8
7-12 4.5-135 30-50 120-350 4.0-10.5 0.7-3.0 0.4-1.8 0.03-1.0
13-16 4.0-11.0 20-45 100-300 5.0-12.0 1.0-4.0 0.5-2.0 0.05-1.5

WBC - white blood cell; LDH - lactate dehydrogenase; 1gG — immunoglobulin G.

Sensitivity

Supplementary Table 2

Age-stratified reference intervals used for classification

Age group, years 1gG1 1gG2 19G3 1gG4

1-3 23-63 04-15 0.2-1.2 0.01-0.5
4-6 3.0-80 05-20 0.3-15 0.02-0.8
7-12 4.0-105 0.7-3.0 0.4-18 0.03-1.0
13-16 5.0-12.0 1.0-4.0 0.5-2.0 0.05-1.5

19gG — immunoglobulin G.

Values are expressed as lower and upper limits of normal for each
age group and given as g/L. 1gG subclass levels below the lower
limit of the corresponding age-specific interval were classified as

“IOW".

Note: Reference intervals were based on the manufacturer’s
nephelometer
Bio-Medical Electronics Co., Ltd., Shenzhen, China) and were
cross-referenced with published pediatric

instructions for the

standards.
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Supplementary Fig. 1 — Receiver operating characteristic curve of

the eXtreme Gradient Boosting (XGBoost) model.
AUC - area under the curve.
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