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Abstract

Background: Early prediction of respiratory support escalation in preterm infants remains challenging. Although the lung ultrasound
score (LUS) assesses lung aeration, it does not capture key elements of respiratory muscle function or pulmonary circulatory adaptation.
We evaluated whether a multiparametric ultrasound protocol, performed within ≤6 hours after birth, integrating LUS, diaphragmatic ul-
trasound, and pulmonary artery Doppler assessment, improves the prediction of respiratory support escalation within 72 hours. Methods:
In this single-center prospective cohort study, preterm infants (26+0 to 33+6 weeks) underwent a standardized bedside ultrasound exam-
ination within ≤6 hours after birth. The protocol included LUS, assessment of diaphragmatic excursion and thickening fraction, as well
as measurement of the pulmonary artery acceleration time-to-ejection time (AT/ET) ratio. Three predictive models were developed and
compared: Model A (clinical variables only), Model B (clinical + LUS), and Model C (clinical variables + LUS + diaphragm ultrasound
+ AT/ET). The primary outcome was escalation of respiratory support within 72 hours after birth. Model performance was evaluated by
discrimination (area under the curve [AUC], DeLong test), calibration (calibration slope, Brier score), and clinical utility (decision curve
analysis). Measurement reproducibility was assessed using intraclass correlation coefficients (ICCs). Results: Among the 203 infants
included in the analysis, 82 (40.4%) met the primary outcome. The complete multiparametric model (Model C) demonstrated signifi-
cantly superior discriminative performance (AUC: 0.88, 95% confidence interval [CI]: 0.83–0.93) compared with Model A (AUC: 0.74)
and Model B (AUC: 0.82) (both DeLong p < 0.05). Model C demonstrated excellent calibration (calibration slope: 0.99, Brier score:
0.13) and provided a higher net benefit than the simpler models across decision thresholds ranging from 0.22 to 0.50. Key ultrasound
measurements showed excellent reproducibility (all ICCs ≥0.87). In Model C, lower gestational age, incomplete antenatal corticos-
teroid treatment, higher LUS, and lower diaphragm excursion, diaphragmatic thickening fraction, and AT/ET ratio were independently
associated with an increased risk of respiratory support escalation. Conclusions: A multiparametric ultrasound assessment performed
within 6 hours after birth significantly improves the early prediction of respiratory support escalation in preterm infants, offering high
reproducibility and greater clinical net benefit than simpler predictive models.

Keywords: preterm infants; lung ultrasound; diaphragm ultrasound; pulmonary blood flow Doppler; predictive model; respiratory
support

1. Introduction
The transition to extrauterine life presents a profound

respiratory challenge for preterm infants. Successful adap-
tation during the first hours after birth is a critical determi-
nant of short-term morbidity, setting the trajectory for the
early course in the neonatal intensive care unit (NICU) [1].
This challenge is driven by multiple factors related to pul-
monary immaturity, including underdeveloped alveolar ar-
chitecture, surfactant deficiency, delayed clearance of fetal
lung fluid, and a highly compliant chest wall [2]. The re-
sulting pathophysiology, characterized by inadequate lung
recruitment, ventilation-perfusion mismatch, and increased
work of breathing, manifests clinically as persistent hypox-
emia, hypercarbia, and apnea, often necessitating stepwise
escalation of respiratory support [3].

Conventional bedside assessment during this critical
period relies on a combination of maturity indices (e.g.,
gestational age), rapidly changing blood gas parameters,
and clinical signs. Although informative, these parameters
are inherently reactive, are influenced by ongoing interven-
tions, and fail to provide an integrated, real-time assessment
of the three core physiological pillars of respiratory compe-
tence: lung aeration, respiratory muscle performance, and
pulmonary circulatory adaptation [4]. Consequently, clin-
icians lack a tool capable of integrating these dimensions
into a comprehensive, early risk profile, potentially leading
to delayed escalation of respiratory support in some infants
and unnecessary intervention in others.

Point-of-care ultrasound (POCUS) offers a potential
solution to this diagnostic gap by providing direct, non-
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invasive visualization of cardiorespiratory physiology [5].
Individually, its components have proven clinical utility.
The lung ultrasound score (LUS) reliably quantifies loss of
lung aeration, predicts surfactant need, and identifies phe-
notypes of respiratory distress syndrome [6,7,8]. Diaphrag-
matic ultrasound can objectively assess respiratory muscle
function by measuring diaphragmatic excursion and thick-
ening fraction, parameters linked to extubation success and
failure of noninvasive ventilation [9,10,11]. Furthermore,
Doppler assessment of pulmonary blood flow, specifically
the pulmonary acceleration time-to-ejection time (AT/ET)
ratio, serves as a surrogate marker of pulmonary vascular
resistance and circulatory adaptation during the transitional
period [12,13].

Despite these advances, significant gaps continue to
limit the clinical translation of ultrasound into a robust early
predictive tool. First, most studies have primarily focused
on single parameters, most commonly LUS, to predict out-
comes such as surfactant requirement or continuous pos-
itive airway pressure failure [14,15]. Such studies typi-
cally report only discriminatory ability (e.g., area under the
curve [AUC]) while overlooking essential metrics for clin-
ical implementation, such as calibration (the agreement be-
tween predicted and observed risks) and clinical net bene-
fit via decision curve analysis. Without such evaluations,
it remains unclear whether these models can reliably in-
form threshold-based clinical decisions aimed at optimiz-
ing intervention timing. Second, although studies on di-
aphragm function [16] and transitional hemodynamics [17]
have been reported, the available evidence remains frag-
mented across different patient cohorts and postnatal time
points [18]. There is a critical lack of prospective data si-
multaneously quantifying lung aeration, diaphragmatic me-
chanics, and pulmonary circulation within a standardized,
early postnatal window, precisely when most support esca-
lations occur and before therapeutic interventions confound
the baseline physiological state [19].

Therefore, there is an urgent need in the NICU for a
reproducible early bedside tool that integrates these multi-
parametric physiological signals into an interpretable risk
estimate, offering tangible clinical decision-making value
to guide monitoring intensity and the timing of respiratory
support escalation.

To address this need, we conducted a prospective ob-
servational cohort study in preterm infants (26+0 to 33+6
weeks’ gestation). We hypothesized that a multiparamet-
ric ultrasound protocol performed within 6 hours after birth
and integrating LUS, diaphragmatic excursion and thick-
ening fraction, and pulmonary artery AT/ET ratio, would
provide superior prediction of respiratory support escala-
tion within the first 72 hours of life compared with mod-
els based on clinical variables alone or combined with LUS
only. Our primary aim was to develop and compare these
three incremental prediction models and to rigorously eval-
uate their discriminative performance, calibration, and clin-

ical net benefit. Secondary aims were to verify the inter-
observer reproducibility of the ultrasound measurements
and to establish a feasible early risk-stratification approach
that translates the structural, mechanical, and circulatory as-
pects of pulmonary immaturity into actionable bedside in-
formation.

2. Materials and Methods
2.1 Study Design and Setting

This was a single-center prospective observational co-
hort study conducted in a tertiary NICU. The study period
was from January 1, 2024, to June 30, 2025. The proto-
col adhered to a noninterventional design; all ultrasound
examinations were performed solely for research purposes
and did not influence clinical management. The study
was approved by the Institutional Review Board of Shiji-
azhuang No.4 Hospital, Hebei Province, China (Approval
No. 20220085). Written informed consent was obtained
from the legal guardian of each infant prior to participation.

Clinical management followed a standardized depart-
mental protocol for preterm infants, which included pre-
defined oxygen saturation targets (90–95%), standardized
noninvasive ventilation settings, and explicit criteria for
surfactant administration and intubation. This approach
minimized the potential for variations in clinical practice to
systematically bias the observation of the study outcome.

2.2 Study Population
2.2.1 Inclusion and Exclusion Criteria

Eligible participants were preterm infants with a gesta-
tional age between 26+0 and 33+6 weeks who were admit-
ted to the NICU immediately after birth. A key eligibility
criterion was the ability to complete the full multiparamet-
ric ultrasound assessment within ≤6 hours after birth.

Infants were excluded if they met any of the following
criteria: primary congenital heart disease (CHD) (exclud-
ing patent ductus arteriosus [PDA] or patent foramen ovale
[PFO]); severe congenital malformations of the chest wall
or diaphragm; pneumothorax requiring emergent surgical
intervention within the first 6 hours; redirection of care to
comfort measures only within 6 hours after birth; with-
drawal of consent; or severely limited acoustic windows
precluding completion of key ultrasound measurements.

2.2.2 Participant Enrollment and Flow
Eligibility was assessed by the clinical team once the

infant was hemodynamically stable. Following guardian-
informed consent, the baseline ultrasound examinations and
collection of clinical data were completed. Participants
were followed for 72 hours for assessment of the primary
outcome and until hospital discharge for exploratory out-
comes.

The primary analysis set included all infants who com-
pleted the baseline ultrasound within ≤6 hours after birth
and for whom the primary outcome was ascertained at 72

2

https://www.imrpress.com


hours. A prespecified reproducibility subset comprising the
first 30 consecutively enrolled infants was used for inter-
and intraobserver consistency analysis.

2.3 Sample Size Estimation
The primary outcomewas the escalation of respiratory

support within 72 hours after birth. Based on local historical
data, the estimated incidence of this outcome was 40%. For
the most complex predictive model (Model C), we antici-
pated a maximum of 8 candidate predictors. Following the
recommendation of at least 10 outcome events per predic-
tor variable, a minimum of 80 outcome events was required,
corresponding to a total sample size of 200 infants. A sam-
ple size calculation based on comparisons of AUC further
supported this estimate. Assuming an AUC of 0.75 for the
intermediate model (Model B) and 0.83 for the full model
(Model C), with a correlation of 0.60 between the receiver
operating characteristic (ROC) curves, a sample size of 200
infants provided 80% power at a two-sided α of 0.05. An-
ticipating a 5% rate of attrition or missing data, we planned
to enroll 210 infants over the 18-month study period.

2.4 Outcome and Predictor Definitions
2.4.1 Primary Outcome

The primary outcome was the escalation of respira-
tory support within the first 72 hours after birth. Respira-
tory support was categorized using an ordinal scale: Grade
0 (room air); Grade 1 (low-flow nasal cannula, <2 L/min);
Grade 2 (high-flow nasal cannula, ≥2 L/min); Grade 3 (con-
tinuous positive airway pressure); Grade 4 (noninvasive
positive pressure ventilation); Grade 5 (conventional inva-
sive mechanical ventilation); and Grade 6 (high-frequency
oscillatory ventilation). Escalation was defined as the first
occurrence of either: (1) an increase by at least one grade on
this scale, or (2) the administration of surfactant while the
infant remained nonintubated (i.e., on noninvasive support).
This definition established a composite endpoint capturing
both increased support intensity and a significant therapeu-
tic intervention.

2.4.2 Clinical Variables and Escalation Triggers
Prespecified clinical predictor variables for model

construction included: gestational age (determined by first-
trimester ultrasonography), male sex, completion of a full
course of antenatal corticosteroids (defined as two doses
of betamethasone administered 24 hours apart), and the 5-
minute Apgar score. Birth weight was recorded as a base-
line characteristic but was not included in the prediction
models due to its high collinearity with gestational age and
to preserve statistical power.

The clinical team made decisions regarding respira-
tory support escalation according to a standardized unit pro-
tocol. Objective trigger criteria included: (1) a requirement
for a fractional inspired oxygen (FiO2) ≥0.35 to maintain
target saturations (90–95%) for at least 30 minutes; (2) arte-

rial partial pressure of carbon dioxide (PaCO2) ≥65 mmHg
with a pH ≤7.20; or (3) two or more apnea episodes within
1 hour requiring positive-pressure ventilation. The research
team recorded these events and their timing without influ-
encing clinical management.

2.5 Multiparametric Ultrasound Protocol
All ultrasounds were performed at the bedside within

≤6 hours of birth using a portable ultrasound system. In-
fants were examined in the supine position in a thermoneu-
tral environment. Prewarmed gel was used, and gentle
swaddling was employed as needed to minimize agitation;
no sedation was administered. Ultrasound examinations
were conducted during the infant’s prevailing clinical con-
dition. To reflect real-world bedside practice, no adjust-
ments were made to existing respiratory support during the
examination.

2.5.1 Lung Ultrasound Score (LUS)
Lung aeration was assessed using a standardized six-

zone protocol, consisting of the anterior upper, anterior
lower, and lateral lung zones on each side. Each zone was
scored as follows: 0, regular aeration: A-lines with lung
sliding; 1, moderate loss: multiple, separated B-lines cov-
ering <50% of the zone; 2, severe loss: confluent B-lines or
“white lung” covering ≥50%; and 3, consolidation. Scores
from all six zones were calculated to obtain a total LUS,
ranging from 0 to 18. The most severe ultrasound pattern
observed within each zone determined its score [6].

2.5.2 Diaphragm Ultrasound
Diaphragm function was assessed on the right side,

with the left side examined when the right hemidiaphragm
was inaccessible. Diaphragmatic excursion was measured
in the coronal plane below the costal margin using M-mode
ultrasonography, and the peak-to-peak displacement was
averaged across three quiet respiratory cycles. Diaphrag-
matic thickening fraction was measured at the zone of ap-
position in the midaxillary line (8th–9th intercostal space)
using a linear probe. Diaphragm thickness was measured
at end-expiration and end-inspiration, and the thickening
fraction was calculated as follows: [(inspiratory thickness
– expiratory thickness) / expiratory thickness] × 100%. The
mean value of three measurements was used for analysis.

2.5.3 Pulmonary Artery Doppler
Pulmonary blood flow dynamics were assessed from

the parasternal short-axis view at the level of the aortic
valve. Using a phased-array transducer, a pulsed-wave
Doppler sample volume was placed 1–2 mm below the pul-
monary valve, with an insonation angle ≤20°. The AT and
ET were measured from stable Doppler waveforms over
five cardiac cycles, and the AT/ET ratio was then calcu-
lated. Cardiac cycles with arrhythmia or imaging artefact
were excluded.
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2.5.4 Operator Training and Blinding

All examinations were performed by two sonolo-
gists after completing standardized training, which required
demonstration of competency in ≥50 neonatal lung and di-
aphragm ultrasounds and ≥30 pulmonary artery Doppler
studies. To minimize bias, a strict blinding protocol was
maintained throughout the study. First, separation of roles
wasmaintained: the two trained sonologists who performed
the bedside ultrasound examinations were not involved in
any clinical decision-making regarding respiratory support.
Second, ultrasound findings were withheld from the clin-
ical team: all ultrasound images were stored directly in a
secure, deidentified research archive without any quantita-
tive measurements or interpretations entered into the elec-
tronic medical record or communicated to the treating clin-
ical team. No ultrasound reports were generated for clin-
ical use. Third, delayed independent quantification was
performed: all offline quantitative measurements (LUS, di-
aphragm excursion, diaphragm thickening fraction, AT/ET
ratio) were performed by two independent readers blinded
to all clinical data and infant outcome. These readers ac-
cessed only the deidentified ultrasound images from the re-
search archive. All measurements were recorded in a ded-
icated research database separate from the hospital infor-
mation system. This separation between image acquisition,
clinical care, and quantitative analysis ensured that ultra-
sound findings did not influence escalation decisions during
the 72-hour outcome period.

2.6 Data Collection and Quality Assurance

Data were collected prospectively using an electronic
case report form with built-in range checks and dual-entry
verification. All ultrasound cine loops and still images were
stored in a deidentified archive. For the reproducibility sub-
set, measurements were independently performed by two
readers, and one reader repeated the measurements after a
minimum interval of two weeks.

A dedicated quality control officer performedmonthly
audits on 10% of randomly selected cases. Prespecified cri-
teria for excluding poor-quality measurements included in-
complete cardiac cycles, excessive Doppler angle (>20°),
and significant artifact obscuring anatomical boundaries.

2.7 Statistical Analysis

2.7.1 Descriptive and Comparative Statistics

Continuous variables are presented as mean ± stan-
dard deviation (SD) or median (interquartile range, IQR)
based on data distribution, whereas categorical variables are
presented as counts (percentages). Baseline characteristics
were compared between the escalation and non-escalation
groups using Student’s t-test, Mann-Whitney U test, chi-
square test, or Fisher’s exact test, as appropriate. A two-
sided p-value < 0.05was considered statistically significant.

2.7.2 Prediction Model Development and Evaluation
Three sequential binary logistic regression models

were developed to predict the primary outcome. Model A
included baseline clinical variables: gestational age, neona-
tal sex, completion of antenatal corticosteroid therapy, and
the 5-minute Apgar score. Model B added the LUS to the
clinical variables. Model C, the complete multiparametric
model, further included diaphragmatic excursion, diaphrag-
matic thickening fraction, and the pulmonary artery AT/ET
ratio. All continuous variables were entered in their origi-
nal scale, and no post hoc variable selection was performed.
Potential interaction terms between predictors were not ex-
plored in these primary, prespecified models to preserve
simplicity and clinical interpretability.

Model performance was assessed across three key do-
mains. First, discrimination was quantified using the AUC,
with 95% confidence intervals (CIs) derived from 1000
bootstrap samples. The DeLong test was used for pair-
wise AUC comparisons. Second, calibration, defined as
the agreement between predicted probabilities and observed
outcomes, was evaluated using calibration plots, calibration
slope, and the Brier score. Third, the clinical utility of each
model across a range of decision thresholds (10–50%) was
evaluated using decision curve analysis, comparing the net
benefit of each model against strategies of escalating respi-
ratory support in all infants or in none.

To account for potential overfitting, Model C under-
went internal validation using 1000 bootstrap resamples to
calculate optimism-corrected performance estimates. Mul-
ticollinearity was assessed and deemed acceptable, with all
variance inflation factors (VIF) below 2.5.

2.7.3 Internal Validation, Reproducibility, and Missing
Data

Internal validation for the full model (Model C)
was performed using 1000 bootstrap resamples to calcu-
late optimism-corrected performance metrics, including the
AUC and calibration slope. Multicollinearity among pre-
dictors was assessed using VIFs; all VIFs were <2.5, indi-
cating no significant multicollinearity (see Supplementary
Table 1).

Interobserver and intraobserver reproducibility for the
key ultrasound measurements (LUS, diaphragmatic excur-
sion, diaphragmatic thickening fraction, and AT/ET ratio)
was assessed in the prespecified subset of 30 infants using
a two-way random-effects, absolute-agreement intraclass
correlation coefficient (ICC).

Missing data were handled according to a prespecified
analysis plan. When the proportion of missing data for any
key predictor was ≤15%, multiple imputation by chained
equations (MICE) was applied using the mice package (ver-
sion 4.3.2; R Foundation for Statistical Computing, Vienna,
Austria) in R. The imputation model included all variables
listed in Tables 1,2 (demographic, clinical, and ultrasound
predictors) to preserve the underlying relationships within
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Fig. 1. Flow diagram of participant screening, enrollment, and inclusion in the different analyses phases. CHD, congenital heart
disease; PDA, patent ductus arteriosus; PFO, patent foramen ovale.

the dataset. Predictive mean matching (PMM) was used
for continuous variables (gestational age, 5-minute Apgar
score, total LUS, diaphragmatic excursion, diaphragmatic
thickening fraction, and AT/ET ratio). Logistic regression
imputation was applied to binary variables (male sex, com-
pletion of a full course of antenatal corticosteroids). Ten
imputed datasets were created, and model estimates were
pooled using Rubin’s rules. An overview of missing data is
provided in Supplementary Table 2. All statistical analy-
ses were performed using R software (version 4.3.2).

3. Results
3.1 Participant Flow and Characteristics

During the study period, 287 preterm infants were
screened for eligibility. Of these, 205 infants completed the
full multiparametric ultrasound assessment within ≤6 hours
after birth. The primary outcome (respiratory support esca-
lation within 72 hours) could not be ascertained for 2 in-
fants, resulting in a primary analysis cohort of 203 infants
(70.7% of screened infants). The first 30 consecutively en-
rolled infants formed the prespecified reproducibility subset
(Fig. 1).

The baseline characteristics of the cohort stratified by
the primary outcome are presented in Table 1. Infants who
required escalation of respiratory support (n = 82, 40.4%)
had significantly lower median gestational age (29.8 vs.
31.7 weeks, p < 0.001) and birth weight (1294 vs. 1618
g, p = 0.002). They were also less likely to have received
a complete course of antenatal corticosteroids (63.4% vs.
83.5%, p = 0.002). In addition, the escalation group had
higher initial PaCO2 levels (58 vs. 47 mmHg, p < 0.001),

a higher prevalence of hemodynamically significant PDA
(hsPDA) (28.0% vs. 13.2%, p = 0.011), and more frequent
administration of postnatal caffeine (72.0% vs. 56.2%, p =
0.027). No significant differences were observed between
groups regarding sex, 5-minute Apgar score, mode of de-
livery, or multiple gestation status.

Data on surfactant administration prior to the ≤6-hour
ultrasound assessment were not systematically recorded
and therefore could not be reported.

Baseline values for the multiparametric ultrasound
measurements, obtained within 6 hours of birth, are sum-
marized in Table 2. The median LUS was 11 (IQR, 8–13),
the median diaphragmatic excursion was 4.7 (IQR, 3.9–
5.6) mm, the median diaphragmatic thickening fraction was
27.6% (IQR, 21.3–33.8), and the median pulmonary artery
AT/ET ratio was 0.31 (IQR, 0.27–0.36).

3.2 Reproducibility of Ultrasound Measurements and Data
Completeness

The reproducibility of the key ultrasound measure-
ments was excellent. In the subset of 30 infants, all interob-
server and intraobserver ICCs were ≥0.87, indicating good-
to-excellent agreement (Table 3).

Overall data completeness was high. Minor miss-
ing data (<5%) occurred for the 5-minute Apgar score
(n = 4) and antenatal corticosteroid status (n = 2), and
these variables were handled via multiple imputation
(Supplementary Table 1). PaCO2 values were missing in
9 cases (4.4%); however, because PaCO2 was not included
as a predictor in the final models, these values were not im-
puted.
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Table 1. Baseline clinical and demographic characteristics.
Variable Overall (n = 203) Non-Escalation Group (n = 121) Escalation Group (n = 82) p-value

Gestational age (weeks) 30.9 [29.6–32.2] 31.7 [30.6–32.9] 29.8 [28.5–31.0] <0.001
Birth weight (g) 1489 [1246–1718] 1618 [1422–1836] 1294 [1083–1516] 0.002
Male sex 108 (53.2) 58 (47.9) 50 (61.0) 0.085
Full course of ACS 153 (75.4) 101 (83.5) 52 (63.4) 0.002
5-min Apgar score 8 [7–9] 8 [8–9] 8 [7–9] 0.061
Cesarean delivery 138 (68.0) 80 (66.1) 58 (70.7) 0.541
Multiple gestation 46 (22.7) 24 (19.8) 22 (26.8) 0.305
First PaCO2 (mmHg) 52 [46–59] 47 [41–53] 58 [53–64] <0.001
hsPDA present 39 (19.2) 16 (13.2) 23 (28.0) 0.011
Postnatal caffeine 127 (62.6) 68 (56.2) 59 (72.0) 0.027
In-hospital mortality, n (%) 6 (3.0) -- † -- † -- †
Data presented as n (%) or median [IQR]. † In-hospital mortality was recorded for the cohort. A stratified analysis between
escalation groups was not a prespecified endpoint of this early-prediction study. IQR, interquartile range; hsPDA, hemo-
dynamically significant PDA.

Table 2. Baseline multiparametric ultrasound measurements (≤6 hours post-birth).
Variable Full cohort (n = 203) Unit/Scale

LUS total score 11 (8–13) Points (0–18)
Diaphragmatic excursion 4.7 (3.9–5.6) mm
Diaphragmatic thickening fraction 27.6 (21.3–33.8) %
Pulmonary artery AT/ET ratio 0.31 (0.27–0.36) Ratio
Data presented as median (IQR). LUS, lung ultrasound score; AT/ET, acceler-
ation time-to-ejection time.

Table 3. ICC for ultrasound measurements.
Measurement Interobserver ICC (95% CI) Intraobserver ICC (95% CI)

LUS total score 0.94 (0.89–0.97) 0.97 (0.93–0.99)
Diaphragmatic excursion 0.91 (0.84–0.95) 0.94 (0.89–0.97)
Diaphragmatic thickening fraction 0.87 (0.78–0.93) 0.92 (0.85–0.96)
Pulmonary artery AT/ET ratio 0.89 (0.81–0.94) 0.93 (0.87–0.96)
ICC ≥0.75 indicates good reliability. ICC, intraclass correlation coefficient; CI, confidence interval.

3.3 Performance of the Predictive Models
3.3.1 Model Predictors and Discrimination

The results of the multivariable binary logistic regres-
sion analysis for the full model (Model C) are shown in Ta-
ble 4. Lower gestational age, incomplete antenatal corticos-
teroid treatment, higher LUS, lower diaphragmatic excur-
sion, a lower diaphragmatic thickening fraction, and lower
AT/ET ratio were all independently associated with a higher
risk of respiratory support escalation.

To illustrate the clinical application of the full mul-
tiparametric model, three representative cases spanning the
spectrum of predicted risk are presented in Supplementary
Table 3.

The discriminative performance of the three models is
shown in Fig. 2A. Model C (clinical + LUS + diaphrag-
matic ultrasound parameters + AT/ET ratio) demonstrated
significantly superior discriminative ability compared with
both Model A (clinical variables only) and Model B (clini-
cal variables + LUS), achieving an AUC of 0.88 (95% CI:

0.83–0.93), compared with 0.74 and 0.82, respectively (De-
Long test, both p < 0.05).

3.3.2 Model Calibration and Diagnostics

The calibration plot for Model C showed excellent
agreement between predicted probabilities and observed
outcomes in both the apparent analysis and after bootstrap
correction (Fig. 2B). This finding was confirmed by the
quantitative metrics: the calibration slope was 0.99 (in the
apparent analysis) and 0.97 (bootstrap-corrected), while the
Brier score was 0.13, indicating low overall prediction er-
ror (Table 5). No evidence of significant multicollinearity
was observed, with all VIFs well below 5 (Supplementary
Table 2).

3.4 Clinical Utility: Decision Curve Analysis

The clinical utility of the models was assessed using
decision curve analysis (Fig. 3). Across a clinically rel-
evant range of threshold probabilities (approximately 0.22
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Table 4. Multivariable logistic regression analysis for the full prediction model (Model C).
Predictor Adjusted Odds Ratio (aOR) 95% CI p-value

Gestational age (per 1 week) 0.79 0.67–0.94 0.006
Male sex (yes vs. no) 1.29 0.81–2.08 0.285
Full course of ACS (yes vs. no) 0.63 0.41–0.97 0.036
5-min Apgar (per 1 point) 0.91 0.80–1.04 0.162
LUS total score (per 1 point) 1.22 1.11–1.34 <0.001
Diaphragmatic excursion (per 1 mm) 0.73 0.60–0.89 0.002
Diaphragmatic thickening fraction (per 10%) 0.82 0.70–0.96 0.013
Pulmonary artery AT/ET ratio (per 0.01) 0.94 0.91–0.98 0.004
ACS, antenatal corticosteroids.

Fig. 2. Model performance evaluation. (A) ROC curves for the three prediction models. (B) Calibration plot for the full prediction
model (Model C), showing apparent and bootstrap-corrected calibration. ROC, receiver operating characteristic.

Table 5. Performance metrics for prediction models.

Performance metric
Model A Model B Model C Model C
(Clinical) (Clinical + LUS) (Full Prediction Model) (Bootstrap-Corrected)

Brier score 0.19 0.16 0.13 0.14
Calibration intercept –0.02 –0.01 –0.01 --
Calibration slope 0.93 0.97 0.99 0.97
The ideal calibration intercept is 0 and the ideal calibration slope is 1. Lower Brier score indicates
better overall accuracy.

to 0.50), the full multiparametricmodel (Model C) provided
a higher net benefit for clinical decision-making than both
the simpler models (A and B) and the default strategies of
“escalate all” or “escalate none”.

3.5 Exploratory In-Hospital Outcomes
Exploratory outcomes are summarized in Table 6. The

median time to first respiratory support escalation was 7.8
hours (IQR, 3.4–18.6). The rates of noninvasive ventilation
failure, repeated surfactant administration within 7 days,
and in-hospital mortality were 15.3%, 8.9%, and 3.0%, re-
spectively.

4. Discussion
4.1 Principal Findings

In this prospective cohort study, we demonstrated that
a multiparametric ultrasound protocol performed within 6
hours after birth, integrating structural (LUS), mechani-
cal (diaphragmatic ultrasound), and circulatory (pulmonary
artery Doppler) assessments, significantly improves the
early prediction of respiratory support escalation in preterm
infants. The full model (Model C), which incorporated
all three sonographic dimensions alongside key clinical
variables, achieved superior discriminatory performance
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Fig. 3. Decision curve analysis. Net benefit of each prediction model and default strategies across a range of threshold probabilities.

Table 6. Exploratory in-hospital outcomes.
Outcome Events, n (%) Time-related metric (Median [IQR])

Time to first escalation (hours) 82 (40.4) 7.8 [3.4–18.6]
Total duration of support (days) 203 (100) 6.2 [2.9–15.4]
Noninvasive ventilation failure 31 (15.3) --
Repeated surfactant (within 7 days) 18 (8.9) --
In-hospital mortality 6 (3.0) --

(AUC: 0.88), excellent calibration, and provided a greater
net clinical benefit across a range of decision thresholds
compared with models based solely on clinical factors or on
clinical variables combined with LUS alone. This perfor-
mance, which remained robust after rigorous internal boot-
strap validation, underscores that respiratory support esca-
lation is a multifactorial event that is more accurately cap-
tured by a physiology-integrated approach than by maturity
indices or lung aeration status alone [8].

4.2 Interpretation and Pathophysiological Context

Our findings are consistent with the evolving under-
standing of neonatal respiratory failure as a triad of im-
paired lung aeration, inefficient respiratory pump function,
and altered pulmonary perfusion [4]. Although LUS ef-
fectively quantifies loss of lung aeration and interstitial
fluid accumulation, which are key drivers of hypoxemia
and surfactant deficiency [6,7], it does not fully assess

respiratory muscle reserve or pulmonary vascular adapta-
tion. Diaphragm ultrasound provided independent prognos-
tic value, as reduced diaphragmatic excursion and thick-
ening fraction reflect impaired capacity to generate ade-
quate tidal volume, thereby increasing the risk of hypercar-
bia and apnea, particularly in infants with highly compli-
ant chest walls [10,16]. Concurrently, a lower pulmonary
artery AT/ET ratio, indicative of elevated pulmonary vas-
cular resistance, was independently associated with an in-
creased risk of respiratory support escalation. This pa-
rameter likely reflects compromised pulmonary perfusion
and ventilation-perfusion mismatch, thereby contributing
to oxygenation failure that may not be directly detected by
LUS alone [12,17]. Integration of these physiological sig-
nals creates a more comprehensive bedside assessment of
pulmonary immaturity, which likely explains why Model
C outperformed models lacking these components.
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The independent associations of traditional risk fac-
tors, such as lower gestational age and incomplete ante-
natal corticosteroid treatment, with escalation risk confirm
the fundamental role of structural immaturity and surfac-
tant deficiency in neonatal respiratory failure [20]. Our
model does not replace these critical clinical variables but
rather complements them with real-time, modifiable physi-
ological data, thereby potentially refining risk stratification
among infants of similar gestational ages.

4.3 Comparison with Existing Literature and Clinical
Implications

Current evidence supporting the use of ultrasound
for respiratory prognostication remains fragmented. Many
studies have validated LUS for predicting surfactant need
or failure of noninvasive ventilation; however, these in-
vestigations have primarily reported discriminative metrics
without adequately evaluating calibration or clinical utility
[14,15]. Similarly, studies examining diaphragmatic func-
tion [9] or pulmonary hemodynamics [13] have typically
been conducted independently or at different postnatal time
points, thereby preventing an integrated assessment [18].
Our study addresses these gaps by prospectively quantify-
ing all three physiological dimensions within a standardized
early postnatal window (≤6 h after birth) and by employing
a comprehensive model evaluation framework, assessing
discrimination, calibration, and decision-curve net benefit,
as recommended for clinical prediction models [21].

Our choice of the six-zone LUS protocol warrants fur-
ther justification. Although extended protocols (e.g., 10- or
12-zone approaches) have been described and may provide
more detailed granular regional aeration data, we selected
the six-zone method for several reasons specific to our early
postnatal assessment window. First, this protocol has been
well-validated in preterm populations for predicting surfac-
tant need and noninvasive ventilation failure [6,7], thereby
providing a robust evidence base. Second, the six-zone ap-
proach offers a balance between comprehensiveness and ef-
ficiency; in our experience, it can be completed within 3–5
minutes, which is critical when assessing clinically unsta-
ble infants during the first 6 hours after birth. Third, mini-
mizing handling and examination time reduces infant agita-
tion andmotion artifact, which likely directly contributed to
the high measurement reproducibility observed in our study
(ICC ≥0.94). Finally, although more extensive protocols
may offer incremental diagnostic information, our primary
aim was to evaluate the additive value of a multiparamet-
ric assessment strategy (diaphragm + Doppler) beyond a
practical and clinically applicable LUS baseline. Therefore,
the six-zone protocol represents a pragmatic compromise
between diagnostic detail and real-world feasibility in the
time-sensitive NICU setting.

Our study employed trained sonologists to ensure
measurement consistency during this validation phase.
However, the protocol was designed for future clinical

translation. Standardized LUS systems are increasingly be-
ing performed by clinicians, and a recent systematic review
concluded that LUS is feasible when performed by appro-
priately trained neonatologists [22]. Formal training curric-
ula and credentialing pathways for neonatal POCUS, which
encompasses lung, cardiac, and procedural applications,
have now been established in North America, as evidenced
by a recent national position statement [23]. The excellent
interobserver reproducibility (ICC ≥0.87) we observed fur-
ther suggests that, with such structured competency-based
training, reliable measurements are attainable by clinical
NICU teams, supporting the potential for widespread ap-
plication.

The high reproducibility of all ultrasound measure-
ments (ICC ≥0.87) confirms the feasibility of this protocol
in unsedated neonates and supports its potential for broader
clinical implementation [24]. Furthermore, the observed
clustering of respiratory support escalation events early af-
ter birth (median, 7.8 hours) validates the clinical rationale
for performing assessments within the ≤6-hour assessment
window, which aims to inform management decisions be-
fore significant therapeutic interventions.

4.4 Limitations and Future Directions

This study has several limitations. First, as a single-
center study, our findings require external validation across
diverse clinical settings with varying patient demograph-
ics, levels of ultrasound expertise, and respiratory manage-
ment protocols (e.g., surfactant use strategies) [25]. Sec-
ond, while we employed a strict blinding protocol and pre-
defined objective escalation criteria, the observational de-
sign cannot fully exclude the possibility of residual con-
founding or subtle clinician-related bias in treatment de-
cisions. Third, diaphragm ultrasound metrics can be in-
fluenced by the mode and level of concurrent respiratory
support. Our study design prioritized a pragmatic bedside
assessment approach; therefore, ultrasound examinations
were performed without altering the infant’s ongoing respi-
ratory management. Consequently, our measurements re-
flect a combination of intrinsic muscle function and the ef-
fects of ongoing respiratory assistance rather than isolated
muscle performance. However, this composite assessment
likely represents the most clinically relevant context for a
predictive tool intended for use in the dynamic NICU en-
vironment. Fourth, although the ≤6-hour window was de-
signed to capture early postnatal physiology, some infants
may have received stabilizing support (e.g., continuous pos-
itive airway pressure [CPAP]) before ultrasound evaluation.
Consequently, the ultrasound may partially reflect a postin-
tervention physiological phenotype. Fifth, we used con-
ventional logistic regression without exploring nonlinear
relationships or interaction effects among predictors. Fu-
ture work could investigate more flexible machine learning
methods (e.g., random forest models) to enhance predic-
tive performance. Sixth, we did not apply formal multiple
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comparison corrections (e.g., Bonferroni) to the model per-
formance metrics (e.g., AUC comparisons). Our analyses
were based on prespecified sequential model comparisons
rather than exploratory testing across unrelated hypotheses.
Furthermore, internal validation via bootstrap resampling
was performed to correct for overoptimism. The consis-
tency of our findings across discrimination, calibration, and
clinical utility metrics supports the robustness of the pri-
mary conclusion regarding the added value of the multi-
parametric model. Seventh, our primary outcome focused
on short-term respiratory support escalation; therefore, the
association between this model and longer-term outcomes,
such as bronchopulmonary dysplasia, remains to be inves-
tigated.

Future research should prioritize external validation of
themodel and, if successful, progress to interventional trials
to evaluate whether model-guided management strategies
(e.g., targeting high-risk infants for enhanced monitoring or
early selective therapy) improve clinical outcomes without
increasing unnecessary interventions.

5. Conclusions
In conclusion, a bedside multiparametric ultrasound

protocol performed within the first 6 hours of life, in-
tegrating lung aeration, diaphragmatic function, and pul-
monary hemodynamics, significantly enhances the early
prediction of respiratory support escalation in preterm in-
fants compared with conventional clinical assessments or
single-parameter imaging approaches. The model provides
well-calibrated risk probabilities, demonstrates a positive
net benefit for clinical decision-making, and is based on
reproducible measurements. This approach translates the
pathophysiology of pulmonary immaturity into a practical
quantitative stratification tool and represents a promising
strategy for optimizing early respiratory management in the
NICU.
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