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Purpose: Preterm premature rupture of membranes (PROM) is a major cause of extremely preterm birth. Intrauterine infection and 
inflammation markedly increase the risk of neonatal acute respiratory distress syndrome (NARDS), particularly moderate or severe 
cases associated with poor outcomes. This study developed and validated a prediction model for moderate or severe NARDS in this 
population using inflammatory biomarkers.
Patients and Methods: This single center retrospective cohort study included 243 extremely preterm infants with PROM from 2015 
to 2024. The primary outcome was moderate or severe NARDS occurring within 72 hours after delivery, diagnosed according to 
Montreux criteria. Patients were grouped by NARDS severity. Predictive variables were screened using LASSO regression and 
incorporated into a multivariable logistic model to build a nomogram. Model performance was assessed through receiver operating 
characteristic curves (ROC), calibration plots and decision curve analysis (DCA).
Results: The primary outcome incidence was 20.2% (49/243). Multivariable analysis identified elevated C-reactive protein (CRP) 
(OR=1.04, 95% CI:1.01–1.07), decreased platelet count (OR=0.99, 95% CI:0.988–0.998), decreased albumin (OR=0.87, 95% 
CI:0.80–0.95), and decreased arterial pH (OR=0.01, 95% CI:0.001–0.041) as independent predictors. The nomogram integrating 
these four parameters demonstrated excellent discrimination with an area under the curve (AUC) of 0.824. Internal validation 
demonstrated good robustness (C-index=0.795). To enhance clinical translation, we developed an interactive web calculator for real 
time risk assessment to guide pediatricians’ clinical decision making. DCA established a 30% risk threshold to inform early 
interventions.
Conclusion: The validated model containing CRP, platelets, albumin and pH effectively identifies high risk PROM infants. The web 
based interface enables practical bedside application for early detection of critical cases. Patients with predicted probabilities reaching 
30% should be considered for preventive lung protection measures. Additional multicenter studies are needed to verify wider 
applicability and enhance clinical implementation protocols.
Keywords: acute respiratory distress syndrome, extremely preterm infants, premature rupture of membranes, nomogram, biological 
markers

Introduction
Preterm birth is a leading cause of neonatal morbidity and long-term complications worldwide. Preterm premature 
rupture of membranes (PROM), particularly occurring before 32 weeks of gestation, is a critical obstetric complication 
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that significantly contributes to preterm delivery and substantially increases the risk of adverse neonatal outcomes.1,2 

Neonatal acute respiratory distress syndrome (NARDS) is a severe inflammatory lung injury characterized by increased 
pulmonary vascular permeability, alveolar-capillary barrier dysfunction, and reduced lung compliance, ultimately result
ing in refractory hypoxemia.3,4 The incidence of NARDS is markedly higher in extremely preterm infants (gestational 
age <32 weeks) due to lung immaturity.3 International multicenter research data from 2022 revealed the substantial 
burden of NARDS in this population, with an incidence reaching 34%, markedly higher than the overall incidence in 
newborns (1%–5%).5 Notably, over 94% of NARDS cases occur within the first 72 hours after birth.6 This narrow time 
window presents significant challenges for early intervention while simultaneously underscoring the urgent need to 
develop early warning tools.

The causal relationship between PROM and NARDS is well established. Beyond directly precipitating preterm birth, 
PROM may induce a systemic inflammatory response via intrauterine infections (eg, chorioamnionitis), thereby exacer
bating neonatal lung injury and increasing NARDS risk.7,8 Additionally, the oligohydramnios resulting from PROM can 
further compromise fetal lung development, leading to pulmonary hypoplasia and worsening postnatal respiratory 
distress.9 Consequently, extremely preterm infants with PROM constitute a distinct clinical subgroup who simultaneously 
endure the dual challenges of extreme organ immaturity and the persistent inflammatory insult associated with PROM. 
This unique pathophysiological context may result in fundamental differences in the mechanisms underlying NARDS 
compared to non-PROM infants.8 This population consequently faces more rapid disease progression and poorer clinical 
prognosis.

Early diagnosis of NARDS in extremely preterm infants remains challenging due to overlapping clinical manifesta
tions with other respiratory conditions, such as neonatal respiratory distress syndrome (NRDS). Compounded by the 
extremely limited physiological reserve of these infants, the disease condition often deteriorates rapidly within a short 
period. However, traditional diagnostic approaches, which predominantly rely on clinical presentation, imaging studies, 
and blood gas analysis, frequently lead to substantial diagnostic delays and often miss the optimal window for 
intervention. From a pathophysiological perspective, the systemic inflammatory response serves as the central driving 
factor in NARDS. Research has demonstrated that specific inflammatory mediators including interleukins (IL-6, IL-8), 
tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ),10 as well as surfactant proteins (SP-B, SP-D),11 exhibit significant 
correlations with NARDS severity. Nevertheless, the detection of these specific biomarkers is typically complex and 
costly, thereby substantially restricting their application in routine clinical practice, particularly for early risk assessment. 
Within this context, routinely available laboratory parameters demonstrate substantial potential value in the prediction 
and assessment of NARDS. Among inflammatory indicators, leukocyte count, neutrophil percentage, C-reactive protein 
(CRP), and serum albumin levels have been confirmed to significantly correlate with disease severity, with hypoalbu
minemia specifically identified as an independent risk factor for NARDS.8 Regarding blood gas parameters, the 
oxygenation index (OI), base excess, and arterial pH value not only reflect disease severity but also effectively predict 
clinical outcomes.12 Coagulation parameters such as platelet count (PLT) not only participate in the coagulation process 
but also reflect the magnitude of microvascular injury and systemic inflammatory status.13,14 Furthermore, other 
conventional indicators, including red blood cell distribution width (RDW) and serum calcium levels, can also reflect 
pathophysiological processes associated with NARDS from different perspectives.4,14 The integrated application of these 
indicators can generate synergistic effects through multidimensional evaluation, theoretically capable of significantly 
enhancing the accuracy of NARDS prediction.

While previous studies have established several predictive models for NARDS and demonstrated their predictive 
performance,4,13–15 these existing models confront a crucial clinical translation bottleneck when applied to extremely 
preterm infants with PROM. The current knowledge gap does not lie in unawareness of these indicators’ existence, but 
rather in how to systematically identify and validate the core combination of predictive factors that most accurately 
predict the progression to moderate or severe NARDS in this specific population. Therefore, the core innovative focus of 
our study is not the discovery of novel biomarkers, but rather commitment to addressing a central translational medicine 
challenge.This study aims to develop a specialized predictive tool for this high-risk subgroup by transforming readily 
available clinical indicators. Specifically, we employ modern variable selection techniques and plan to create an online 
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web application to facilitate point of care risk assessment. This approach seeks to enable early intervention and ultimately 
improve clinical outcomes for this vulnerable population.

Material and Methods
Study Participants
This retrospective cohort study was conducted at the First Affiliated Hospital of Army Medical University (Chongqing, 
China). We screened the medical records of all extremely preterm infants admitted to our neonatal intensive care unit 
(NICU) between January 2015 and December 2024. The study cohort specifically comprised infants who met the 
diagnostic criteria for PROM. The institutional ethics committee approved this study (approval number: 
BKY2025174) and granted a waiver of informed consent due to the retrospective nature of the research.

The inclusion criteria were: (1) preterm infants with gestational age <32 weeks; (2) presence of PROM; (3) hospital 
admission within 1 hour after birth. Exclusion criteria included: (1) major chromosomal abnormalities (n=2); (2) death or 
withdrawal of life sustaining treatment within 24 hours after birth (n=28); (3) congenital malformations or developmental 
disorders affecting respiratory function (eg, complex congenital heart disease, congenital diaphragmatic hernia) (n=7); 
(4) incomplete clinical data (n=8). A total of 243 patients were included in the final analysis (see the participant flow 
diagram in the Results section).

The proposed prediction model was designed to incorporate up to 4 key predictive variables. The sample size was 
estimated a priori using the widely adopted “10 events per variable” (EPV) rule for developing stable logistic regression 
models. Based on this rule, a minimum of 4 variables × 10 EPV = 40 positive events (ie, cases of moderate or severe 
NARDS) is required. Assuming a conservative event rate of 20% based on our institutional experience, the minimum 
total sample size was calculated as 40 / 0.20 = 200 cases. Our final cohort comprised 243 patients, with 49 observed 
positive events, which not only satisfies but exceeds the minimum requirement.

Definitions and Strategy for Case Grouping
Diagnosis and severity classification of NARDS were based on the 2017 Montreux criteria.16 Two senior NICU 
physicians independently reviewed all medical records for NARDS diagnosis. In cases of disagreement, a third senior 
physician made the final determination.

To align with the primary clinical objective of identifying infants at highest risk for clinical deterioration, we 
implemented a binary grouping strategy: (1) the moderate/severe NARDS group: this group encompassed infants 
diagnosed with both moderate and severe NARDS according to the Montreux criteria (OI ≥8). This grouping is clinically 
justified because both moderate and severe NARDS typically necessitate advanced respiratory support and are associated 
with higher mortality. This approach specifically targets the identification of cases that represent the most significant 
therapeutic challenge and consume the most clinical resources. (2) the mild/no NARDS group: this group combined 
infants with mild NARDS (OI 4-<8) and those without NARDS, given that their management strategies are often similar 
and require fewer resources.

Data Collection
To ensure reproducibility and data quality, a standardized and auditable data collection process was implemented. Data were 
extracted electronically from our hospital’s clinical databases. The collection was performed by two dedicated research 
members of our team. To mitigate error, the verification procedure entailed two steps: an initial electronic extraction and 
a subsequent manual review of a randomly selected 10% of the records by a second researcher. Inconsistencies were resolved 
by consensus with a third senior clinician. The following data were collected for all neonates: (1) basic information: 
gestational age, sex, birth weight; (2) prenatal factors: gestational hypertension, gestational diabetes mellitus, intrahepatic 
cholestasis of pregnancy, placental disorders (including placental abruption and placenta previa), meconium-stained amniotic 
fluid (MASF), chorioamnionitis, mode of delivery, duration of PROM; (3) postnatal factors: 1-minute Apgar score, 5-minute 
Apgar score, presence of birth asphyxia; (4) laboratory data: given the highest incidence of NARDS within the first 3 days 
after birth, laboratory data from the first 3 days of hospitalization were analyzed, including: blood gas analysis: pH, pCO2, 
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pO2, lactate; complete blood count: WBC, absolute neutrophil count (ANC), hemoglobin (HGB), RDW, PLT, mean platelet 
volume (MPV), platelet distribution width (PDW); other biochemical markers: albumin, CRP, procalcitonin (PCT), lactate 
dehydrogenase (LDH); complications: presence of NRDS, early-onset sepsis (EOS), pulmonary hypertension (PPHN), 
pulmonary hemorrhage, grade III–IV intraventricular hemorrhage (IVH).

Statistical Analysis
Our statistical analysis proceeded according to a predetermined stepwise plan to ensure robustness and minimize 
overfitting. All statistical analyses were conducted using R software (version 4.2.2), with two-tailed tests and p<0.05 
considered statistically significant.

Descriptive Statistics: We presented continuous variables that followed a normal distribution as the mean ± standard 
deviation ðx� sÞ and used independent samples t-tests to compare them. For continuous variables that were not normally 
distributed, we used the median (interquartile range) [M (P25, P75)] and analyzed them with Mann–Whitney U-tests. 
Categorical variables were expressed as counts (percentages) [n (%)] and we used either χ2-tests or Fisher’s exact tests to 
compare them, opting for the latter when expected cell counts dipped below 5.

1. Variable Selection: to address multicollinearity and identify the most parsimonious set of predictors from the high- 
dimensional candidate variables, we employed the least absolute shrinkage and selection operator (LASSO) 
regression with 10-fold cross-validation to select the optimal predictors.

2. Model Building: the variables selected by LASSO were entered into a multivariable logistic regression model to 
generate the final prediction nomogram.

3. Model Validation: the model’s performance was rigorously evaluated through: (1) receiver operating characteristic 
(ROC) curve analysis with area under the curve (AUC) calculation to evaluate discriminative ability; (2) 
calibration curves to assess agreement between predicted probabilities and observed values; (3) bootstrap resam
pling (1000 replicates) for internal validation, calculating the corrected C-index to evaluate model stability; and (4) 
decision curve analysis (DCA) to assess clinical net benefit across various risk thresholds, providing reference for 
making clinical decision.

4. Clinical Translation: the final model was translated into an interactive web nomogram, enabling clinicians to 
obtain individualized risk predictions instantly at the bedside.

5. Ethical Considerations: all data were fully anonymized prior to analysis by removing all personal identifiers and 
assigning unique study codes, ensuring participant confidentiality.

Results
Comparison of Baseline Characteristics and Laboratory Parameters
This retrospective study included 243 extremely preterm infants with PROM, stratified into a moderate/severe NARDS 
group (n=49) and a mild/no NARDS (n=194) group based on NARDS severity (Figure 1). Baseline analysis revealed no 
significant differences in sex distribution or cesarean delivery rate (p>0.05). However, the moderate/severe NARDS 
group exhibited significantly lower gestational age (203 vs 213 days) and birth weight (1219±390 g vs 1409±320 g, 
p<0.01), along with reduced Apgar scores. Perinatal complications analysis showed comparable rates of gestational 
hypertension, gestational diabetes mellitus, intrahepatic cholestasis, placental abnormalities, MASF, and PROM duration 
(p>0.05). Notably, the moderate/severe NARDS group had higher incidences of chorioamnionitis (42.9% vs 25.8%, 
p=0.019) and neonatal asphyxia (16.3% vs 5.2%, p=0.013). Laboratory findings demonstrated significantly lower pH, 
hemoglobin, platelet count, and serum calcium (p<0.05), alongside elevated lactate, RDW, CRP, PCT, and LDH levels in 
moderate/severe NARDS cases. (Table 1).

Comparison of Comorbidities Between Groups
As shown in Table 2, the moderate/severe NARDS group demonstrated significantly higher rates of comorbidities 
compared to those mild/no NARDS. The moderate/severe NARDS group exhibited markedly increased incidences of 
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NRDS (93.9% vs 56.7%), EOS (32.7% vs 8.2%), PPHN (46.9% vs 0.5%), pulmonary hemorrhage (36.7% vs 3.1%), and 
severe IVH (Grade III–IV; 42.9% vs 9.8%). These findings highlight that NARDS in preterm infants is strongly 
associated with a substantially elevated risk of complications that are life threatening.

Elevated CRP and Reduced Platelet, Albumin, and pH as Independent Predictors of 
Moderate or Severe NARDS
All variables from Table 1 were subjected to LASSO regression analysis, with the optimal λ value determined through 
10-fold cross-validation (minimum error ± 1 standard deviation). As illustrated in Figure 2, the coefficient trajectory and 
error curves identified four candidate predictors. Subsequent multivariate logistic regression analysis confirmed that 
elevated CRP (OR=1.04, 95% CI: 0.80–0.095, p=0.002), decreased platelet count (OR=0.99, 95% CI: 0.99–1.00, 
p=0.016), reduced albumin (OR=0.87, 95% CI: 0.80–0.95, p=0.002), and lower pH (OR=0.01, 95% CI: 0.00–0.041, 
p=0.013) were independent predictive factors for moderate or severe NARDS (Table 3). The final predictive model was 
formulated as: ln(P/1-P) = 34.739–4.323 × pH - 0.007 × PLT (×109/L) - 0.135 × Albumin (g/L) + 0.036 × CRP (mg/dL).

Development of a Nomogram Model for Predicting Moderate or Severe NARDS in 
Extremely Preterm Infants with PROM
Multivariate logistic regression analysis revealed associations between CRP, PLT, albumin, and pH with moderate or 
severe NARDS. A predictive model incorporating these four factors was developed, and the results of the regression 
analysis were visualized using a nomogram (Figure 3). As an example case in which the nomogram was applied, 
a premature infant with PROM had the following laboratory parameters: pH 7.2, platelet count 140×109/L, albumin 25 g/ 
L, and CRP 30 mg/L. The predictive variables produced the following number of points in the nomogram model: pH: 32 
points; platelet count: 39 points; albumin: 50 points; CRP: 20 points. Therefore, this patient had a total score of 141 
points. Corresponding to the total score at the bottom of the chart, the probability of moderate or severe NARDS was 
approximately 55%.

Validation of the Nomogram Model
The predictive performance of individual indicators and the integrated model was evaluated through ROC curve analysis. 
As shown in Figure 4, the AUC values for pH, PLT, Albumin, and CRP were 0.695, 0.700, 0.712, and 0.726 respectively, 
while the combined predictive model demonstrated superior discriminative ability in the development cohort 

Figure 1 Participant flow diagram for the study cohort.
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(AUC=0.824, 95% CI: 0.756–0.892), where the confidence interval excluding 0.5 with a narrow range indicated 
statistical significance. Further internal validation using bootstrap resampling (1000 replicates) yielded a C-index of 
0.795, with excellent concordance between the original and corrected calibration curves (Figure 5A), confirming model 

Table 1 Comparison of Baseline Characteristics and Laboratory Parameters Between the Two Groups

Characteristic Mild/No NARDS  
Group, N = 194

Moderate/Severe  
NARDS Group, N = 49

p

Male, (yes, %) 105 (54.1%) 30 (61.2%) 0.371

Gestational age (days) 213 (205, 219) 203 (190, 211) <0.001

Birth weight (g) 1409 ± 320 1219 ± 390 0.002
1-min Apgar score 9.00 (8.00, 10.00) 8.00 (5.00, 9.00) <0.001

5-min Apgar score 10.00 (9.00, 10.00) 9.00 (8.00, 10.00) <0.001

Gestational hypertension, (yes, %) 7 (3.6%) 4 (8.2%) 0.239
Gestational diabetes mellitus, (yes, %) 46 (23.7%) 11 (22.4%) 0.852

Intrahepatic cholestasis of pregnancy, (yes, %) 7 (3.6%) 1 (2.0%) >0.999
Placental disorders, (yes, %) 14 (7.2%) 7 (14.3%) 0.151

MSAF, (yes, %) 6 (3.1%) 3 (6.1%) 0.391

Chorioamnionitis, (yes, %) 50 (25.8%) 21 (42.9%) 0.019
Cesarean section, (yes, %) 90 (46.4%) 22 (44.9%) 0.851

The time of PROM (hours) 72 (24, 144) 48 (20, 144) 0.929

Asphyxia, (yes, %) 10 (5.2%) 8 (16.3%) 0.013
pH 7.34 (7.28, 7.40) 7.26 (7.18, 7.36) <0.001

PCO2 (mmHg) 40 ± 11 43 ± 14 0.183

PO2 (mmHg) 100 (75, 100) 93 (60, 100) 0.117
Lactate (mmol/L) 1.70 (1.30, 2.50) 2.30 (1.30, 5.30) 0.004

WBC (×109/L) 10 (7, 15) 9 (6, 13) 0.383

ANC (×109/L) 5 (3, 9) 5 (2, 7) 0.287
HGB (g/L) 151 ± 28 133 ± 27 <0.001

RDW (%) 15.60 (14.90, 16.70) 16.40 (15.40, 17.50) 0.010

PLT (×109/L) 210 ± 71 160 ± 70 <0.001
MPV (fL) 10.40 (10.00, 10.90) 10.70 (10.10, 11.00) 0.214

PDW (%) 11.80 (10.70, 12.80) 12.30 (11.00, 13.40) 0.080

Albumin (g/L) 29.4 ± 4.4 25.9 ± 5.4 <0.001
CRP (mg/dl) 5 (5, 8) 18 (5, 35) <0.001

PCT (ng/mL) 2 (0, 6) 9 (1, 27) <0.001

LDH (IU/L) 813 (538, 1162) 1262 (776, 1906) <0.001
Ca (mmol/L) 2.13 (1.93, 2.34) 1.70 (1.58, 1.90) <0.001

Notes: Data are expressed as mean ± standard deviation, median (interquartile range), or n (%). 
Abbreviations: MASF, meconium-stained amniotic fluid; PROM, premature rupture of membranes; WBC, white blood cell; ANC, absolute 
neutrophil count; HGB, hemoglobin; RDW, red cell distribution width; PLT, platelet; MPV, mean platelet volume; PDW, platelet distribution 
width; CRP, C-reactive protein; PCT, procalcitonin; LDH, lactate dehydrogenase; Ca, serum calcium.

Table 2 Comparative Analysis of Comorbidities Between the Two Groups

Characteristic Mild/no NARDS  
Group, N = 194

Moderate/Severe  
NARDS Group, N = 49

p

NRDS, (yes, %) 110 (56.7%) 46 (93.9%) <0.001

EOS, (yes, %) 16 (8.2%) 16 (32.7%) <0.001

PPHN, (yes, %) 1 (0.5%) 23 (46.9%) <0.001
Pulmonary hemorrhage, (yes, %) 6 (3.1%) 18 (36.7%) <0.001

Grade III–IV IVH, (yes, %) 19 (9.8%) 21 (42.9%) <0.001

Abbreviations: NRDS, neonatal respiratory distress syndrome; EOS, early-onset sepsis; PPHN, pulmonary arterial 
hypertension; IVH, intraventricular hemorrhage.
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robustness. The DCA indicated that the model provides a positive net benefit across a broad range of threshold 
probabilities (0.1–0.8), with a stable maximum clinical benefit observed between 0.20 and 0.40. Based on DCA, we 
identified a threshold probability of 30% as a pragmatic cutoff for clinical decision-making. (Figure 5B).

Sensitivity Analysis and Independence from EOS
To explicitly verify that the model’s predictive efficacy is independent of EOS, which shares overlapping inflammatory 
features with NARDS, we performed two additional analyses. First, we conducted a sensitivity analysis by reconstructing 
the logistic regression model in an EOS-negative subgroup (excluding all neonates with confirmed or clinical diagnosis 
of EOS, n=211). As shown in Table 4, the four core predictors (pH, PLT, albumin, CRP) remained statistically significant 
with stable OR. Second, we constructed an adjusted model using the entire cohort but including EOS status as 
a covariate. In this adjusted model (Table 5), the four original core predictors retained their high statistical significance 
(eg, the adjusted OR for CRP was 1.04, 95% CI: 1.01–1.06).

Implementation of the Web Calculator
To facilitate clinical application of our prediction model, we developed an interactive web calculator (Supplementary 
Figure 1). This online tool allows clinicians to input the four key variables identified in our model: pH, platelet count, 
albumin, and CRP. The web application automatically computes the total risk score and displays the corresponding 
probability of moderate or severe NARDS.

Figure 2 LASSO binary logistic regression model for the selection of clinical indicators. (A) Tuning parameter (lambda) selection in the LASSO model via 10-fold cross- 
validation. The dotted vertical line is drawn at the optimal lambda value (lambda.min) that gives the most regularized model within one standard error of the minimum 
binomial deviance. (B) LASSO coefficient profiles of the 22 candidate predictors. The vertical line indicates the lambda.min value where the four non-zero coefficients (pH, 
platelets, albumin, CRP) were selected.

Table 3 Results of Multivariate Logistic Regression

Characteristic β (95% CI) SE OR (95% CI) p

pH −4.323 (−7.747, −0.900) 1.747 0.01 (0.00, 0.41) 0.013

PLT −0.007 (−0.013, −0.001) 0.003 0.99 (0.99, 1.00) 0.016

Albumin −0.135 (−0.219, −0.051) 0.043 0.87 (0.80, 0.95) 0.002
CRP 0.036 (0.013, 0.059) 0.012 1.04 (0.80, 0.95) 0.002

Abbreviations: PLT, platelet; CRP, C-reactive protein; OR, odds ratio; CI, confidence interval.
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Discussion
ARDS represents a severe pulmonary disorder characterized by extensive damage to alveolar epithelial and vascular 
endothelial cells, leading to non-cardiogenic pulmonary edema, ventilation/perfusion mismatch, decreased lung com
pliance, and profound hypoxemia.17 In neonates, particularly extremely preterm infants, these pathological changes may 
be more pronounced due to immature lung architecture and underdeveloped defense mechanisms. Extremely preterm 
infants with PROM face elevated NARDS risk, likely attributable to intrauterine infection, inflammatory exposure, and 

Figure 3 Predictive nomogram for moderate/severe NARDS in extremely premature infants with PROM. The nomogram enables clinicians to assign points for each of the 
four predictor variables. The total points correspond to the predicted probability of moderate-to-severe NARDS on the bottom scale. 
Abbreviations: PROM, premature rupture of membranes; PLT, platelet; Alb, albumin; CRP, C-reactive protein.

Figure 4 Comparison of ROC curves for each predictor and prediction model. (A) each predictor; (B) prediction model. 
Abbreviations: PLT, platelet; Alb, albumin; CRP, C-reactive protein.
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developmentally immature immune systems.18,19 In this study, we developed and validated a novel nomogram for 
predicting moderate or severe NARDS risk in extremely preterm infants with PROM. To our knowledge, this represents 
the first specifically designed and validated predictive model for ARDS in this high-risk population. Through LASSO 

Figure 5 Validation and evaluation of prediction model. (A) The calibration curve for the nomogram model, the dotted line represents the performance of the model. The 
diagonal line represents the ideal prediction. (B) The DCA curve for the nomogram model, a standardized net risk is showed on the y-axis, while risk thresholds and cost- 
effectiveness ratios are showed on the x-axis.

Table 4 Results of Multivariate Logistic 
Regression Analysis in the Subgroup of 
Neonates without EOS

Characteristic OR 95% CI p

pH 0.01 0.00, 0.98 0.048

PLT 0.99 0.98, 1.00 0.001

Albumin 0.87 0.79, 0.97 0.009
CRP 1.07 1.03, 1.11 0.002

Abbreviations: EOS, early-onset sepsis; PLT, platelet; 
CRP, C-reactive protein; OR, odds ratio; CI, confidence 
interval.

Table 5 Results of Multivariate Logistic 
Regression Analysis for Predicting 
Moderate or Severe NARDS Adjusted for 
EOS Status

Characteristic OR 95% CI p

pH 0.01 0.00, 0.44 0.015

PLT 0.99 0.98, 1.00 0.010

Albumin 0.87 0.80, 0.95 0.002
CRP 1.04 1.01, 1.06 0.007

EOS 1.16 0.38, 3.57 0.793

Abbreviations: EOS, early-onset sepsis; PLT, platelet; 
CRP, C-reactive protein; OR, odds ratio; CI, confidence 
interval.
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regression and multivariate logistic analysis, we identified four independent predictors: elevated CRP, decreased platelets, 
reduced albumin, and lower arterial pH.

CRP emerged as a key inflammatory predictor in our model. CRP is an acute phase protein; its level can surge up to 
1000-fold during infection or inflammation.20 Although previous studies have not explicitly included CRP as an 
independent predictor in nomogram models for NARDS, its association with NARDS pathophysiology is evident. 
Mohammadi et al3 demonstrated that NARDS can be triggered by both direct and indirect inflammatory exposures, all 
of which are typically accompanied by significant inflammatory responses. Research by You et al8 highlighted EOS as 
a major risk factor for NARDS, with CRP serving as a key biomarker for diagnosing and monitoring sepsis. 
Mechanistically, CRP activates the complement system and enhances the release of inflammatory cytokines such as 
IL-1β, IL-6, and TNF-α, which further exacerbate pulmonary inflammation.3,20 Therefore, in extremely preterm infants 
with PROM, intrauterine infection and inflammatory exposure may lead to marked CRP elevation, which not only 
reflects the inflammatory status but also actively participates in the pathogenesis of NARDS.

Platelet count was another significant predictor in our model. Platelets play a pivotal role in maintaining vascular integrity and 
participating in inflammatory responses. Our findings align with previous research: Yu et al13 incorporated platelet count in their 
NARDS nomogram for neonates with pneumonia, while Shen et al14 similarly included it in their NARDS prediction model for 
meconium aspiration syndrome neonates. Wang et al’s systematic review demonstrated significant associations between low 
platelet counts and poorer outcomes in adult ARDS patients.21 The pathophysiological significance of thrombocytopenia in our 
cohort is multifactorial: on one hand, platelets interact with neutrophils, forming platelet-neutrophil aggregates that promote 
inflammatory factor release and microthrombi formation, thereby exacerbating pulmonary microcirculatory dysfunction,22–24 on 
the other hand, bioactive substances released by platelets can directly increase the permeability of alveolar epithelial and 
endothelial cells.22 They may also affect coagulation balance and pathogen clearance, further increasing pulmonary microcircu
latory dysfunction and the risk of infection.24 For PROM extremely preterm infants, thrombocytopenia may simultaneously 
reflect the severity of infectious and non-infectious inflammatory responses, as well as the abnormal activation of the coagulation 
system, all of which are important mechanisms in the pathogenesis of NARDS.

Our research demonstrates that low albumin levels are an independent predictor of severe NARDS in extremely premature 
infants with PROM. Albumin is a vital protein in maintaining plasma oncotic pressure and acting as an antioxidant defence. The 
work of You et al has clearly shown that low serum albumin levels are an independent risk factor for NARDS resulting from EOS.8 

A further study highlighted a significant correlation between low albumin levels and the incidence of NARDS in neonates with 
pneumonia. This study also demonstrated a dose-response relationship; for each 1 g/L increase in albumin concentration, the risk 
of NARDS was reduced by 17% (OR = 0.83, 95% CI 0.75–0.91, p < 0.001).25 Several potential mechanisms could explain this 
correlation: in NARDS, reduced albumin levels cause a decline in plasma oncotic pressure, facilitating fluid leakage into the 
pulmonary interstitium and alveoli. This leads to proteinaceous pulmonary oedema, impairing gas exchange and worsening 
respiratory distress. Furthermore, albumin leaking into the alveoli competes with pulmonary surfactant at the air-liquid interface, 
reducing its ability to lower surface tension. This results in alveolar collapse and reduced pulmonary compliance. Moreover, 
albumin functions as a crucial free radical scavenger; its deficiency renders the lungs more vulnerable to oxidative stress-related 
damage, thereby exacerbating inflammation-mediated lung injury. Finally, diminished albumin levels may impair its ability to 
bind and neutralise inflammatory mediators, leading to increased pathological effects of pro-inflammatory cytokines (such as 
TNF-α, IL-6), thereby further contributing to the development of NARDS.25–27 These findings indicate that monitoring and 
improving albumin levels in extremely premature infants could be of significant clinical value in preventing NARDS.

Our research establishes that a reduced arterial blood pH is another independent predictor. Blood pH is a crucial indicator of the 
body’s acid-base balance, and abnormal levels typically signify significant physiological imbalances. Newborns, particularly 
those born extremely preterm, have underdeveloped respiratory and circulatory systems, making them less tolerant of hypoxia and 
acidosis. When these newborns experience acute respiratory distress, their lungs’ ability to exchange gases is compromised, 
leading to carbon dioxide retention and subsequent respiratory acidosis. Concurrently, severe oxygen deprivation and inadequate 
tissue perfusion can increase anaerobic metabolism, resulting in lactic acid production and metabolic acidosis. Prior research 
indicates that acidosis is a significant indicator of poor prognosis in adult ARDS patients.28 Although fewer studies have focused 
on neonates, evidence suggests that acidosis is linked to a higher risk of IVH (OR=2.27) and, in conjunction with sepsis, increases 
the risk of mortality.29 Furthermore, severe metabolic acidosis in premature infants is associated with the development of 
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bronchopulmonary dysplasia.30 Therefore, a reduced pH may also serve as an early indicator of underlying respiratory 
dysfunction. Acidosis can exacerbate inflammatory responses by activating acid-sensing ion channel 1a (ASIC1a), potentially 
contributing to alveolar-capillary barrier dysfunction.31 Additionally, carbonic anhydrase IX (CA IX) may worsen ARDS lung 
injury by affecting pulmonary bacterial clearance and vascular permeability during metabolic acidosis.32 In extremely premature 
infants, a reduced pH can be attributed to several factors, including placental insufficiency, inadequate tissue perfusion, and 
immature acid-base buffering systems, all of which collectively elevate the risk of NARDS.

Our study presents several unique strengths compared to other predictive models for NARDS. Primarily, we concentrated on 
a particularly vulnerable group: extremely preterm infants with PROM. Prior research has often involved general neonatal 
populations or specific conditions like meconium aspiration syndrome. Furthermore, we chose predictors that are standard 
laboratory measurements, readily available and inexpensive, thereby enhancing the model’s utility. Thirdly, our predictors 
encompass various dimensions, including inflammatory response (CRP), coagulation function (platelets), nutritional status 
(albumin), and acid-base balance (pH), providing a more comprehensive reflection of the complex pathophysiology of NARDS.

We noted that the predictive factors included in this model, such as CRP and platelets, are also classic markers of 
EOS. This is not an accident, since intrauterine infection and resulting EOS are the most common triggers of NARDS in 
extremely preterm infants with PROM.7,8 Therefore, the changes in these markers collectively depict a continuous 
pathophysiological process from infection and systemic inflammation to end-organ lung injury. A critical challenge in 
using inflammatory markers for NARDS prediction is distinguishing it from EOS. Our sensitivity analysis and adjusted 
models confirmed that the association between these markers and NARDS is independent of EOS status.

Furthermore, the model’s specificity for predicting lung injury, rather than just infection, is enhanced by the 
integration of parameters beyond general inflammation. Specifically, we observed a significant difference in PCT levels 
between the moderate/severe and mild/no NARDS groups in our baseline data. This finding suggests a combinatorial 
approach in clinical practice: significantly elevated PCT levels should raise high suspicion for EOS; however, in cases 
where PCT levels are equivocal or comparable, our model effectively stratifies the specific risk of severe lung injury. In 
this context, the model serves as a valuable risk stratification tool, prompting clinicians to initiate more aggressive 
respiratory support and lung-protective strategies in high-risk neonates.

To facilitate the clinical translation of our findings, we developed an interactive web nomogram, enabling clinicians to 
obtain individualized risk predictions instantly at the bedside. Based on DCA, we identified a threshold probability of 
30% as a pragmatic cutoff for clinical decision-making. Infants with a predicted risk ≥30% should be considered for early 
preventive lung protective ventilation strategies, intensified monitoring, and preparedness for advanced respiratory 
support. This threshold transforms the statistical model into a practical decision-support tool for NICU clinicians.

This research has several notable constraints. To begin with, as a retrospective analysis conducted at a single institution, the 
restricted sample pool and relatively small case volume could lead to selection bias, potentially compromising how broadly these 
results can be applied. Second, constrained by the retrospective design, we were limited to using routine laboratory results as study 
variables and were unable to incorporate important clinical data, such as ventilator settings and imaging characteristics, which 
could diminish the model’s comprehensiveness. Third, while we developed a multi-parameter predictive model, we lacked an 
external validation cohort to assess its applicability across different healthcare institutions. Future studiesshould focus on 
prospective, multi-center studies with larger sample sizes to refine the predictive framework.

Conclusion
In summary, we developed and validated a practical prediction model for moderate/severe NARDS in extremely preterm infants 
with PROM. The model’s strength lies in its use of four readily available laboratory markers (CRP, platelets, albumin, pH) that 
capture the core pathophysiology from systemic inflammation to end-organ failure. Its clinical application is facilitated by an 
interactive web calculator, which allows for instant bedside risk assessment. For clinical implementation, we propose using a 30% 
probability threshold derived from DCA. Clinically, this model serves as a decision-support tool, prompting clinicians to initiate 
early, targeted interventions—such as lung-protective ventilation and intensified monitoring—for infants identified as high-risk. 
This tool addresses a critical gap by enabling early, evidence-based risk stratification, which is crucial for initiating timely support 
and potentially improving outcomes in this vulnerable population.
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