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Background: Postoperative pulmonary complications (PPCs) in children are common. However, few models tailored specifically for 
children are available to identify risk factors for PPCs and enable preoperative interventions. This study aimed to identify independent 
risk factors for PPCs in children and establish a risk prediction model.
Methods: The clinical data of pediatric patients aged 0–6 years with an American Society of Anesthesiologists (ASA) physical status 
of I or II, and had undergone surgery with mechanical ventilation at Henan Provincial People’s Hospital between January 2020 and 
December 2021 were retrospectively reviewed. Univariate and multivariate logistic regression analyses were employed to identify risk 
factors for PPCs. The corresponding nomogram prediction model was constructed based on the regression coefficients. The receiver 
operating characteristic curve and calibration curve were used respectively to evaluate the discriminant validity and calibration of the 
prediction model.
Results: Among 1545 patients included, 211 (13.4%) developed PPCs (156 of 1082 patients in the discovery cohort and 55 of 463 
patients in the test cohort). In the multivariate logistic regression analysis, age (odds ratio [OR] 0.87, 95% confidence interval [CI] 
0.79–0.96, P=0.007), mechanical ventilation time (OR 1.36, 95% CI 1.20–1.55, P<0.001), airway device (OR 1.67, 95% CI 1.04–2.68, 
P=0.033), ASA physical status (OR 1.96, 95% CI 1.34–2.88, P=0.001), and type of surgery (the total effect, P=0.004) were identified 
as the independent risk factors for PPCs in the discovery cohort. The prediction model showed good discrimination and calibration 
performance in both the discovery and test cohorts. The corresponding area under the curve was 0.762 (95% CI: 0.722, 0.803) and 
0.818 (95% CI: 0.760, 0.875), respectively.
Conclusion: We identified age, ventilation device and duration, ASA physical status, and surgical site as independent risk factors for 
PPCs in children aged 0–6 years. The predictive model performed well and demonstrated a certain capability in predicting the risk of 
PPCs.
Keywords: postoperative pulmonary complications, children, risk factors, prediction model

Introduction
Postoperative pulmonary complications (PPCs) are common in children undergoing surgery, with an incidence ranging 
from 2% to 80%, depending on definitions, especially in the first week after surgery.1,2 The development of PPCs can 
result in prolonged hospital stays and increased medical costs and mortality.1–4 Intraoperative lung protective ventilation 
strategies have been developed to reduce the risk of PPCs.5,6 Due to the limited oxygen reserve function, children 
typically have lower functional residual capacity and higher closed volume than adults, rendering them less tolerant to 
hypoxia. Consequently, children are more susceptible to ventilator-induced lung injury and PPCs following mechanical 
ventilation when compared with adults according to a previous study by Lee et al.7
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Early identification of risk factors for PPCs and taking preventive measures can reduce the incidence of PPCs. Two 
predictive scoring systems, “Assess Respiratory Risk in Surgical Patients in Catalonia”3 and “the surgical lung injury 
prediction model”,8,9 have been developed to assess the probability of PPCs. Canet et al constructed a risk index for PPCs 
through a prospective multicenter study in Catalonia, Spain (n=2464).3 Seven independent predictors were identified via 
logistic regression: low preoperative SpO2, recent respiratory infection, age, anemia, upper abdominal/intrathoracic surgery, 
surgery duration, and emergency procedure. Kor et al developed the Surgical Lung Injury Prediction (SLIP) model through 
a secondary analysis of a prospective cohort study (n=4366), utilizing multivariate logistic regression to integrate five 
preoperative variables: high-risk cardiac, aortic vascular, or thoracic surgery; diabetes mellitus; chronic obstructive pulmonary 
disease; gastroesophageal reflux disease; and alcohol abuse.8 Kor et al developed the SLIP-2 risk score model based on 
a multicenter cohort study (n=1562), utilizing logistic regression to integrate nine independent predictors, including patient 
characteristics (eg, sepsis, cirrhosis, admission from non-home locations), procedure-related features (eg, high-risk cardiac 
surgery, high-risk aortic vascular surgery, emergency surgery), and early physiologic markers (increased respiratory rate, FiO2 

>35%, SpO2 <95%).9 Neto et al developed a preoperative prediction score model (LAS VEGAS) for PPCs based on 
a multicenter cohort study (n=6063), utilizing logistic regression to integrate 13 variables, including patient characteristics, 
procedure-related features, and intraoperative events.10 The intraoperative events considered include ventilation parameters 
(such as tidal volume and positive end-expiratory pressure [PEEP]), cardiovascular events (such as an aortic balloon catheter 
insertion, cardiopulmonary bypass duration, extracorporeal membrane oxygenation, substantial vasoactive agents use, and red 
blood cells transfusion), and fluid administrations. Incorporating these factors into a prediction model can enhance its 
predictive power.11–14 However, pediatric patients were generally excluded from the studies. Although the developed risk 
prediction models/tools can identify key factors highly correlated with PPCs and enable preoperative interventions,10,15 there 
are few models tailored specifically for children. Therefore, it is necessary to establish a risk prediction model for pediatric 
PPCs to provide clinical evidence for PPCs prevention.

We aimed to identify risk factors for PPCs in pediatric patients, with the goal of establishing a risk prediction model 
for PPC prevention in children.

Materials and Methods
Study Design and Patients
Pediatric patients who had undergone surgery at Henan Provincial People’s Hospital between January 2020 and 
December 2021 were retrospectively reviewed. This study complied with the Declaration of Helsinki and was approved by 
the Medical Ethics Committee of Henan Provincial People’s Hospital ((2024) No. 39). Since this study is a retrospective study, 
which only makes use of existing medical records or data, does not involve the identities or privacy of the subjects, and does 
not cause any risks or harm to the subjects, the informed consent was waived by the institutional ethics committee.

Inclusion Criteria
Eligible patients were aged 0–6 years, with an American Society of Anesthesiologists (ASA) physical status of I-II, and 
undergoing surgery under general anesthesia.

Exclusion Criteria
Patients under general anesthesia without intubation or laryngeal mask and those with incomplete clinical data were 
excluded. Types of surgery in which PPCs rarely occur were also excluded (eg, Ophthalmic, daytime, surface and other 
minor surgery).

Sample Size
When developing prediction models for binary or time-to-event outcomes, a well-known rule of thumb for the required 
sample size is to ensure at least 10 events for each predictor parameter.16 In this research, there were 14 variables 
included in univariate analysis, the event number should be 140 at least. The number of PPCs in our research was 156 in 
the discovery cohort, and 211 in the total sample, which is higher than 140.
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Anesthesia Protocol
All patients received routine monitoring of electrocardiography, blood pressure, and pulse oximetry upon entering the 
operating room. All patients received routine anesthesia induction, and intraoperative anesthesia maintenance included 
total intravenous anesthesia and intravenous inhalation combined anesthesia. Mechanical ventilation parameters and 
anesthesia management during the surgery were determined by the attending anesthesiologist based on the child’s age 
and intraoperative conditions. After surgery, the patients were transferred to the post-anesthesia care unit (PACU) for 
anesthesia recovery.

Source of Data
Preoperative and postoperative data, including age, sex, pre-existing cardiovascular disease, ASA physical status, anemia 
status, occurrence of PPCs, and length of postoperative hospital stay, were collected from the electronic medical record 
system. Intraoperative data, such as elective or emergency surgery, surgical and anesthesia duration, airway device used, 
type of surgery, and intraoperative events, were collected from the MediTech Surgical Anesthesia System. Currently, the 
parameters of the anesthesia machine (such as tidal volume, PEEP, etc) are not linked to the MediTech Surgical 
Anesthesia System, so they cannot be collected.

Definition of Outcomes
The primary outcome of this study was the occurrence of PPCs within the first 7 days postoperatively. PPCs were defined 
as any of the following: bronchospasm, pneumonia, respiratory failure, acute respiratory distress syndrome (ARDS), 
atelectasis, pneumothorax, pleural effusion, respiratory infection and aspiration pneumonia, based on pre-defined criteria 
(Table 1).17,18 PPCs were identified by manual review of medical records to identify events meeting any PPC definition 
and ultimately determined by the principal investigator.

Table 1 Definitions for Postoperative Pulmonary Complications

Outcome Measure Definition and Diagnostic Criteria

Bronchospasm Newly detected expiratory wheeze treated with bronchodilators.

Pneumonia CXR showing at least one of the following: infiltrate, consolidation, cavitation; plus at least one of the following: fever >38 

°C with no other cause, white cell count <4 or >12 × 109 litre−1, >70 years of age with altered mental status with no 
other cause; plus at least two of the following: new purulent/changed sputum, increased secretions/suctioning, new/worse 

cough/dyspnoea/tachypnoea, rales/bronchial breath sounds, worsening gas exchange.

Respiratory Failure Postoperative PaO2 <8 kPa (60 mm Hg) on room air, a PaO2: FiO2 ratio <40 kPa (300 mm Hg), or arterial 

oxyhaemoglobin saturation <90% measured by pulse oximetry and requiring oxygen therapy.

ARDS Ventilated, bilateral infiltrates on CXR, PaO2: FiO2 ≤ 300, and minimal evidence of left atrial fluid overload within 7 days of 

surgery.

Pleural Effusion CXR showing blunting of the costophrenic angle, loss of sharp silhouette of the ipsilateral hemidiaphragm in upright 

position, displacement of adjacent anatomical structures, or (in supine position) hazy opacity in one hemithorax with 

preserved vascular shadows.

Atelectasis Lung opacification with mediastinal shift, hilum or hemidiaphragm shift towards the affected area, with compensatory 

hyperinflation in adjacent non-atelectatic lung.

Pneumothorax Air in the pleural space without vascular bed surrounding the visceral pleura.

Respiratory 
Infection

Antibiotics for suspected infection with one or more of the following: new or changed sputum, new or changed lung 

opacities, fever, white blood cell count >12 × 109 litre−1.

Aspiration 
Pneumonitis

Acute lung injury following the inhalation of regurgitated gastric contents.

Abbreviations: ARDS, acute respiratory distress syndrome; CXR, chest radiograph; FiO2, fraction of inspired oxygen; PaO2, partial pressure of oxygen in arterial blood.
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Statistical Analysis
All statistical analyses were conducted using the IBM SPSS Statistics 24 software (IBM Corporation, Armonk, NY, 
USA). Categorical variables were expressed as percentages (n(%)), and the chi-square test was used for inter-group 
comparisons. Continuous variables were expressed as mean ± standard deviation or median (interquartile ranges [IQRs]) 
depending on whether a normal distribution was followed. Since the units of operation, anesthesia, and mechanical 
ventilation duration were minutes, and the significance of the effect of each minute was small, the three variables were 
discretized by dividing them every 30 minutes.

Eligible patients were randomly divided into the discovery and test cohorts in a 7:3 ratio. The discovery cohort was used 
to construct the model, and the test cohort was used to confirm the discriminatory ability of the model. Univariate logistic 
regression was used to identify potential risk factors for PPCs based on patient characteristics and perioperative data 
including age, sex (male vs female), pre-existing cardiovascular disease (Yes vs No), ASA physical status (I vs II), anemia 
status (Yes vs No), surgery (Emergency surgery vs Elective surgery), Airway device (Laryngeal mask vs Intubation), 
operation time, anesthesia time, mechanical ventilation time, surgical positions, and type of surgery (Urological surgery or 
Abdominal surgery or Surface-related surgery or Head, neck and maxillofacial surgery or Thoracic surgery vs Orthopedic 
surgery). Variables with P < 0.1 in the univariate analysis were included in the multivariate logistic regression model, and 
the stepwise method was used to screen the variables (Pin = 0.05, Pout = 0.10). The variables retained in the equation were 
used to construct the prediction model and draw a nomogram for visual prediction. The receiver operating characteristic 
(ROC) curve and calibration curve were used to evaluate the predictive performance of the model. Decision curve analysis 
(DCA) was used to analyze the clinical utility of the risk prediction model. By visualizing the net benefit, it allows for 
a more informed decision about whether the benefits of using the model outweigh the potential harms and costs associated 
with false positives and false negatives. P < 0.05 was considered statistically significant unless otherwise specified.

The term “clinical utility” refers to the benefit of a risk prediction model for patients in clinical practice. Its primary 
aim is to ascertain whether the advantages of employing the model to provide decision-making information in clinical 
practice outweigh the disadvantages and to complement the model’s clinical effectiveness. Its clinical application is 
primarily appraised through DCA. The greater the distance the curve reaches from the two extremities, the higher the 
clinical utility of the nomogram.

Results
From January 2020 to December 2021, 6181 patients who met the inclusion criteria were identified, and 4636 were 
excluded based on the exclusion criteria. Finally, 1545 patients were included for analysis (1082 in the discovery cohort 
and 463 in the test cohort) (Figure 1). The baseline characteristics of the study population were well-balanced between 
the discovery and test cohorts, as shown in Table 2.

Overall, 211 (13.7%) patients experienced PPCs, including 156 (14.4%) in the discovery cohort and 55 (11.9%) in the 
test cohort. Most patients had one pulmonary complication (157, 10.2%), while 54 (3.5%) had two or more events. 
Bronchospasm was the most common PPC (189, 12.2%). Other complications included pneumonia in 52 (3.4%), 
respiratory failure in 29 (1.9%), ARDS in 16 (1.0%), pleural effusion in 14 (0.9%), atelectasis in 7 (0.5%), and 
pneumothorax in 5 (0.3%). No respiratory infections and aspiration pneumonia were observed. We stratified the duration 
of operation, anesthesia, and mechanical ventilation of the patients by taking 30 minutes as the boundary. There was no 
statistically significant difference between the discovery and test cohorts (Table 3).

Univariate logistic regression analysis showed that age, sex, operation time, anesthesia time, mechanical ventilation 
time, airway device, ASA physical status, anemia, surgical position and type of surgery were significantly associated with 
the risk of PPCs. After including these factors in a multivariate analysis, age (OR 0.87, 95% CI 0.79–0.96, P=0.007), 
mechanical ventilation time (OR 1.36, 95% CI 1.20–1.55, P=0.000), airway device (OR 1.67, 95% CI 1.04–2.68, 
P=0.033), ASA physical status (OR 1.96, 95% CI 1.34–2.88, P=0.001), and type of surgery (the total effect, P=0.004) 
were identified as the independent risk factors for PPCs in pediatric patients (Table 4).
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An individualized nomogram predictive model was established based on the five independent risk factors (Figure 2). 
The younger age, prolonged mechanical ventilation, endotracheal intubation, higher ASA physical status, and thoracic 
surgery were associated with an increased probability of PPCs.

Figure 1 Study flow diagram.

Table 2 Baseline Characteristics of the Study Population (n=1545)

Variables Discovery 
Cohort 

(n=1082)

Test Cohort 
(n=463)

P

Age, M (IQR), years 2 (1, 4) 2 (1, 4) 0.707

Sex, n (%) 0.973

Female 289 (26.7) 127 (27.4)
Male 793 (73.3) 336 (72.6)

Cardiovascular disease, n (%)
No 1074 (99.3) 456 (98.5) 0.572
Yes 8 (0.7) 7 (1.5)

ASA physical status, n (%)
I 716 (66.2) 290 (62.6) 0.865
II 366 (33.8) 173 (37.4)

Surgery, n (%)
Elective surgery 824 (76.2) 362 (78.2) 0.981
Emergency surgery 258 (23.8) 101 (21.8)

Anemia, n (%)
No 900 (83.2) 386 (83.4) 0.474
Yes 182 (16.8) 77 (16.6)

(Continued)
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Table 2 (Continued). 

Variables Discovery 
Cohort 

(n=1082)

Test Cohort 
(n=463)

P

Airway device, n (%)
Laryngeal mask 587 (54.3) 235 (50.8) 0.459

Intubation 495 (45.7) 228 (49.2)
Operation time, M (range), mins 40 (20, 75) 42 (25, 80) 0.228

Anesthesia time, M (range), mins 46 (29, 81) 50 (30, 90) 0.277

MV time, M (range), mins 77 (55, 120) 81 (53, 125) 0.735
Type of surgery, n (%)

Orthopedic surgery 86 (7.9) 41 (8.9) 0.309

Urological surgery 347 (32.1) 144 (31.1)
Abdominal surgery 381 (35.2) 172 (37.1)

Surface-related surgery 85 (7.9) 37 (8)

Head, neck and maxillofacial surgery 164 (15.2) 60 (13)
Thoracic surgery 19 (1.8) 9 (1.9)

Surgical positions, n (%)
Supine position 985 (91) 421 (90.9) 0.269
Lithotomy position 47 (4.3) 18 (3.9)

Lateral position 30 (2.8) 16 (3.5)

Prone position 20 (1.8) 8 (1.7)
PPCs, n (%)

No 926 (85.6) 408 (88.1) 0.720
Yes 156 (14.4) 55 (11.9)

Notes: We found that 91% of the patients were in the supine position during surgery, with fewer patients in 
other positions, resulting in a large intergroup difference. Therefore, in the data processing, we combined 
other positions’ surgeries with those of the supine position, except for the supine position surgeries. 
Abbreviations: M, median; ASA, American Society of Anesthesiologists; mins, minutes; MV, mechan-
ical ventilation; PPCs, Postoperative pulmonary complications.

Table 3 Discretization Results of Operation Time, Anesthesia Time, and MV Time

Variables Discovery Cohort 
(n=1082)

Test Cohort 
(n=463)

P

Operation time, n (%) 0.903
<30 mins 153 (33) 382 (35.3)

30 mins~ 131 (28.3) 320 (29.6)

60 mins~ 85 (18.4) 173 (16)
90 mins~ 38 (8.2) 85 (7.9)

120 mins~ 26 (5.6) 57 (5.3)

150 mins~ 12 (2.6) 29 (2.7)
≥180 mins 18 (3.9) 36 (3.3)

Anesthesia time, n (%) 0.579

<30 mins 113 (24.4) 284 (26.2)
30 mins~ 148 (32) 358 (33.1)

60 mins~ 83 (17.9) 202 (18.7)

90 mins~ 50 (10.8) 88 (8.1)
120 mins~ 32 (6.9) 65 (6)

150 mins~ 12 (2.6) 36 (3.3)

≥180 mins 25 (5.4) 49 (4.5)

(Continued)
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The discriminatory ability and calibration performance of the prediction model were then tested in the discovery and 
test cohorts. The area under the curve (AUC) of ROC curve was 0.762 (95% CI 0.722, 0.803) and 0.818 (95% CI 0.760, 
0.875) in the discovery and test cohorts, respectively (Figure 3A and B). The corresponding calibration curves are shown 
in Figure 4A and B. The predicted probabilities of the model were consistent with the actual probabilities.

The DCA for the prediction model in the discovery and test cohorts was illustrated in Figure 5A and B. The DCA 
curves obtained from the two cohorts were both above the extreme line, indicating that our risk prediction model has 
good clinical effectiveness.

Discussion
Mechanical ventilation can provide adequate ventilation and preserve arterial oxygen saturation in pediatric patients 
undergoing general anesthesia, although it carries the potential risk of inducing pulmonary injury.19–21 As a distinct 
demographic, children exhibit different physiological and anatomical characteristics from adults, making them more 

Table 3 (Continued). 

Variables Discovery Cohort 
(n=1082)

Test Cohort 
(n=463)

P

MV time, n (%) 0.263
<30 mins 6 (1.3) 36 (3.3)

30 mins~ 134 (28.9) 283 (26.2)

60 mins~ 123 (26.6) 312 (28.8)
90 mins~ 78 (16.8) 179 (16.5)

120 mins~ 39 (8.4) 92 (8.5)

150 mins~ 34 (7.3) 63 (5.8)
≥180 mins 49 (10.6) 117 (10.8)

Abbreviation: MV, mechanical ventilation.

Table 4 Logistic Regression Analysis in the Discovery Cohort

Variables Univariate Analysis Multivariate Analysis

OR (95% CI) P OR (95% CI) P

Age 0.81 (0.73, 0.89) <0.001 0.87 (0.79, 0.96) 0.007
Sex (Male vs female) 0.69 (0.48, 0.99) 0.044
Cardiovascular disease (Yes vs No) 1.99 (0.40, 9.96) 0.402

ASA physical status (II vs I) 2.92 (2.07, 4.13) <0.001 1.96 (1.34, 2.88) 0.001
Emergency surgery (Yes vs No) 0.76 (0.50, 1.16) 0.209
Anemia (Yes vs No) 1.53 (1.01, 2.32) 0.044
Operation time 1.37 (1.24, 1.51) <0.001
Anesthesia time 1.38 (1.26, 1.52) <0.001
MV time 1.52 (1.38, 1.68) <0.001 1.36 (1.20, 1.55) 0.000
Airway device (Laryngeal mask vs Intubation) 3.88 (2.66, 5.66) <0.001 1.67 (1.04, 2.68) 0.033
Surgical position 2.12 (1.29, 3.49) 0.003
Type of surgery <0.001 0.004

Orthopedics 1 1

Urological surgery 1.05 (0.49, 2.27) 0.897 1.41 (0.63, 3.17) 0.401
Abdomen surgery 1.47 (0.70, 3.11) 0.308 2.39 (1.08, 5.30) 0.032
Surface-related surgery 2.63 (1.12, 6.18) 0.026 3.68 (1.47, 9.20) 0.005
Head, neck and maxillofacial surgery 1.47 (0.65, 3.31) 0.357 2.65 (1.06, 6.61) 0.037
Thoracic surgery 7.70 (2.48, 23.95) <0.001 5.19 (1.60, 16.86) 0.006

Note: P values in bold indicate statistical significance (≤0.05). 
Abbreviations: OR, odds ratio; MV, mechanical ventilation; ASA, American Society of Anesthesiologists.
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susceptible to perioperative pulmonary injury and PPCs.7 The management of PPCs presents a significant challenge in 
pediatric anesthesia and surgery. A comprehensive understanding of the contributing risk factors is imperative for 
perioperative care and optimizing patient outcomes. Current research on pediatric PPC risk factors has been predomi-
nantly focused on intensive care units and cardio-thoracic surgery. There is less research on patients undergoing other 
types of surgery, and there are few studies related to risk prediction models. Risk prediction models are more precise in 
predicting outcomes than simple risk factors and can provide more powerful support for earlier scientific clinical 
diagnosis and prevention and treatment decisions. Our advantage is not only predicting the risk factors for PPCs in 
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children aged 0–6 under general anesthesia through retrospective analysis of information from all surgical pediatric 
patients, but also established a risk model based on risk factors and verifying the clinical value of the model.

According to the research, the incidence of PPCs in adults ranges from 2% to 80%.1,2 In our hospital, the incidence of 
PPCs in pediatric patients was 13.7%, consistent with previous research findings.22 Key risk factors identified encompass 
age, duration of mechanical ventilation, airway device, ASA physical status, and type of surgery. A nomogram was 
created based on the results of the multivariate logistic regression analysis to simplify multiple statistical prediction 
models into digital estimates of the occurrence probability. Based on this nomogram, clinical healthcare professionals can 
sum up the scores corresponding to each risk factor to obtain a total score, and predict the probability of the child 
developing PPCs through the total score. This can enable early decision-making on the next step of clinical management, 
including close monitoring of clinical symptoms, imaging and laboratory results, make sure adequate preparation for 
surgery, and enhanced airway management during surgery. The nomogram is easy to use and has significant clinical 
utility. Based on the 5 risk factors obtained by logistic regression analysis, a prediction model was established. An 
internal test cohort consisting of 463 patients was constructed to validate the model. The results showed that the ROC 
AUC for the discovery cohort and test cohort were 0.762 and 0.818, respectively, both of which were greater than 0.75. 
Thus, it indicates strong predictive capability regarding PPCs development in patients. The calibration curve for both 

Figure 4 Calibration Curve of the Prediction Model in the discovery cohort (A) and test cohort (B).
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groups shows good consistency between the predicted and actual results. In summary, we believe that this model can help 
clinical healthcare professionals to predict the risk of PPCs in patients early on.

The age of patients is identified as a significant risk factor for PPCs.23–25 Our research findings indicate that younger age is 
associated with an increased susceptibility to developing PPCs. Bronchospasm emerged as the predominant PPC, potentially 
linked to preexisting upper respiratory infections in pediatric patients. Notably, most patients had a history of COVID-19 
infection during the past three years of pandemic. Even after testing negative, some patients exhibited heightened airway 
sensitivity, possibly contributing to the elevated incidence of bronchospasm in this study. Moreover, the majority of pediatric 
patients opted for tracheal intubation, which has a greater stimulation effect on the trachea compared to the laryngeal mask, 
making it more likely for children to experience laryngospasm. Age-related studies indicated an 11% reduction in relative risk 
for bronchospasm.24 The incidence of airway spasms was 12.2% in our study, representing the highest rate among PPCs. 
Pulmonary atelectasis was identified as the most prevalent type of PPCs following surgery.26–28 The incidence of atelectasis 
was relatively low in our study, possibly attributed to the postoperative PACU admission of our patients, with some 
undergoing continuous positive airway pressure lung alveolar recruitment prior to extubation. Literature suggests that 

Figure 5 Decision curve analysis (DCA) for the prediction model in the discovery cohort (A) and test cohort (B).
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a majority of patients can spontaneously recover from atelectasis within 24 hours after surgery.29 Our data collection focused 
on the postoperative ward, indicating potential disparity from immediate postoperative atelectasis incidence.

The type and complexity of surgery affect the likelihood of PPCs in children. Upper abdominal and thoracic surgeries, as 
well as longer operation times, are associated with a high risk of PPCs.7,30–32 In this study, the highest risk of PPCs was 
observed in pediatric patients undergoing thoracic surgery, followed by those undergoing surface-related surgery. Factors 
contributing to the increased incidence of PPCs include the need for unilateral lung ventilation during surgery, delayed 
recovery of lung function postoperatively due to pain or other causes, and pre-existing lung diseases or respiratory dysfunction 
in patients undergoing thoracic surgery.33,34 Surgical procedures, such as opening the chest cavity leading to loss of negative 
pressure, imbalance in ventilation/blood flow ratio, unilateral lung ventilation causing atelectasis, surgical manipulation 
resulting in pulmonary edema and injury, and pleural incision with intercostal dissection inducing inflammation and pain- 
related physiological responses, can all increase the likelihood of and exacerbate PPCs occurrence. Many studies recommend 
that adequate pain management and postoperative respiratory care are crucial for mitigating these risks.35,36

The ASA physical status offers valuable insights into a child’s overall health status and perioperative risk. Higher 
ASA physical status are associated with poorer overall health, decreased tolerance, and an increased risk of PPCs, 
underscoring the importance of preoperative assessment and risk stratification. Nonetheless, the subjectivity inherent in 
ASA physical status prompted a meta-analysis to establish two thresholds (ASA ≥ II and ASA ≥ III) for investigating the 
relationship between ASA physical status and PPCs. In both scenarios, PPC incidence rates were positively correlated 
with ASA physical status.37 Our findings revealed that among patients with an ASA physical status of II, 123 (58.3%) 
experienced PPCs, while among those with an ASA physical status of I, 88 (41.7%) developed PPCs (P <0.001). In our 
study, children with ASA physical status above 2 were not included considered their more severe conditions and 
difficulty in accurately calculating the duration of mechanical ventilation due to prolonged mechanical ventilation before 
and after surgery. In pediatric patients, prolonged mechanical ventilation is linked to an elevated risk of PPCs. The 
recognition of lung injury induced by mechanical ventilation has been growing. Factors such as tidal volume, PEEP, and 
ventilation device can impact lung function and increase the risk of complications. The comprehension and implementa-
tion of tailored lung-protective ventilation strategies for pediatric patients are pivotal in reducing the incidence of PPCs.7 

Our study showed that the longer the duration of mechanical ventilation, the higher the risk of PPCs in children. 
However, we failed to obtain the relevant data on mechanical ventilation setting parameters in this study. Future studies 
are needed to investigate whether protective ventilation strategies could reduce PPCs.

Previous studies reported a higher incidence of PPCs in emergency surgery patients than in elective surgery 
patients.37,38 However, in our study, emergency surgery did not increase the risk of PPCs in children, contrary to the 
conventional understanding. This may be due to the different definitions of emergency surgery in our hospital. Some 
patients who were in a basic non-emergency state before surgery, without severe diseases, had undergone preoperative 
preparation and laboratory tests, and had normal examination results before entering the operating room were classified 
as emergency surgery in our hospital. Therefore, these may lead to bias in the results and should be considered carefully.

The construction strategies for PPCs risk prediction models demonstrate significant variations across populations.3,8–10 

Based on predictor selection frameworks, existing models can be categorized into two types: 1) Integrated models (eg, LAS 
VEGAS, SLIP/SLIP-2, and the pediatric model from our study),3,8–10 which incorporate both preoperative baseline 
characteristics (ASA physical status, age) and intraoperative management parameters (PEEP settings, vasopressor use); 
and 2) Preoperative-focused models3 (eg, the ARISCAT model),3 which emphasize modifiable preoperative factors such as 
preoperative oxygenation status (SpO2) and recent infections. Notably, while all models universally include surgical type, 
duration, and baseline physiological status as core predictors, the differential weighting of intraoperative factors reflects 
population-specific demands: for high-risk surgical cohorts, the inclusion of intraoperative parameters significantly 
enhances discriminative performance9,10 (eg, SLIP-2 AUC 0.84 vs LAS VEGAS AUC 0.72) (Supplementary Table 1).

Our pediatric model uniquely highlights physiological vulnerabilities inherent to children: younger age (reflecting 
airway immaturity) and prolonged mechanical ventilation (indicating respiratory fragility) emerge as independent risk 
factors. This contrasts sharply with adult-oriented models, where predictors such as oxygenation deficits or chronic 
diseases dominate, underscoring the need for model development to align closely with the anatomical and physiological 
traits of target populations.3 Clinically, these models facilitate risk stratification to guide precision interventions, 
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including protective ventilation strategies (eg, dynamic PEEP titration) and preoperative respiratory optimization. Our 
study aimed to predict the risk of PPCs in pediatric patients. Although the results provide valuable information, the study 
still has some limitations. First, this is a retrospective study, all the data are from the same hospital and lack external 
validation. It is unknown whether the conclusion can be extrapolated to a wider range. Second, the intraoperative 
information was collected from the Medtronic anesthesia system, some important parameters such as tidal volume and 
PEEP were not collected due to system setup issues. Third, potential confounding factors such as preoperative 
oxygenation status and postoperative analgesic effects were not considered. Forth, the study was conducted during the 
COVID-19 pandemic, which may have direct or indirect effects on the cohort and outcomes, thus impacting the 
generalization of the results. Fifth, patients with incomplete data were excluded, which may also introduce potential 
bias. Future studies can further validate and improve our risk prediction model by increasing the sample size, conducting 
multicenter studies, and introducing more potential factors. In addition, applying the research findings to clinical practice 
and conducting intervention studies to improve the perioperative management of pediatric patients are important 
directions for future research.

Conclusion
This study investigated the risk factors and predictive modeling for PPCs in pediatric patients undergoing general anesthesia. 
The incidence of PPCs in the studied pediatric cohort was found to be 13.7%, with key risk factors including age, duration of 
mechanical ventilation, type of airway device, ASA physical status, and the nature of surgical procedures. A nomogram was 
developed from these factors to facilitate clinical predictions regarding the likelihood of PPCs, with a ROC AUC of 0.762 and 
0.818 in the discovery and test cohorts, respectively, indicating robust predictive capability.
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