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2. Abbreviations 

- AAP – American Academy of Paediatrics 

- AUC – Area Under the Curve 

- BPD – Bronchopulmonary Dysplasia  

- CI – Confidence Interval  

- CPAP – Continuous Positive Airway Pressure 

- CXR – Chest X-Ray 

- ET – Endotracheal Tube 

- FiO2 – Fraction of Inspired Oxygen 

- FRC – Functional Residual Capacity 

- GA – Gestational Age 

- IN-SUR-E – Intubation Surfactant Extubation strategy 

- IQR – Interquartile Range 

- IVH – Intraventricular Haemorrhage 

- LISA – Less Invasive Surfactant Administration 

- LUS – Lung Ultrasound 

- LUS score – Lung Ultrasound Score 

- MV – Mechanical Ventilation 

- NICU – Neonatal Intensive Care Unit 

- NIPPV – Nasal Intermittent Positive Pressure Ventilation 

- NIV – Non-Invasive Ventilation 

- NRS – Non-Invasive Respiratory Support 

- NPV – Negative Predictive Value 

- PB – Preterm Birth 

- PEEP – Positive End-Expiratory Pressure 

- POCUS – Point-of-Care Ultrasound 

- PPV – Positive Predictive Value 

- PPROM – Preterm Premature Rupture of Membranes 

- RDS – Respiratory Distress Syndrome 

- ROP – Retinopathy of Prematurity 

- SD – Standard Deviation 

- TTN – Tachypnoea of the Newborn 

- OR – Odds Ratio 

- IRR – Incidence Rate Ratio 

- ROC – Receiver Operating Characteristic 



 5 

3. Summary 

Background 

Lung ultrasound (LUS) is an increasingly used bedside diagnostic tool in neonatal intensive care units 

(NICUs) for assessing respiratory disorders in preterm neonates and supporting the choice of 

respiratory treatment. Although the lung ultrasound score (LUS score) is well described in 

international literature, data on the standardised use of this tool in clinical practice in Lithuania are 

lacking. This is the first study in Lithuania evaluating the impact of standardised LUS protocol 

implementation on the choice of respiratory therapy. 

Aim 

The aim of this study was to evaluate the impact of lung ultrasound implementation on the choice of 

respiratory therapy in preterm neonates and to assess the safety of this diagnostic tool by comparing 

short-term clinical outcome rates. 

Objectives 

- To compare surfactant use and administration rates before and after lung ultrasound 

implementation. 

- To assess the association between lung ultrasound implementation and the choice of 

respiratory support modality. 

- To compare short-term clinical outcome rates before and after the implementation of a 

standardised lung ultrasound protocol. 

Results 

The study included 172 preterm neonates: 84 before and 88 after LUS protocol implementation. 

Baseline neonatal characteristics were generally similar between the two eras, although some 

maternal and pregnancy-related factors differed. After LUS protocol implementation, the need for 

mechanical ventilation (MV) after birth decreased, while the initiation rate of continuous positive 

airway pressure (CPAP) remained similar. However, the duration of both MV and CPAP was longer 

after LUS implementation. Surfactant administration frequency and instillation technique did not 

differ significantly between eras. The predictive value of the fraction of inspired oxygen (FiO2) for 

surfactant administration improved after LUS implementation. In the post-LUS cohort, the LUS score 

was an independent predictor of surfactant administration, whereas the FiO2 threshold alone was not 

statistically significant in the adjusted model. Regarding safety, the rates of common prematurity-

related complications, including intraventricular haemorrhage (IVH), retinopathy of prematurity 

(ROP), bronchopulmonary dysplasia (BPD) and sepsis did not differ significantly between the pre-

LUS and post-LUS eras. 
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Conclusions  

In this single-centre retrospective cohort study, the implementation of a standardised LUS protocol 

was associated with changes in the choice of respiratory therapy, including a reduced need for MV 

initiation. We demonstrated that LUS is a safe diagnostic tool, and its implementation was not 

associated with increased complication rates. After protocol implementation, LUS score-based lung 

assessment also provided clinically useful information for surfactant decision-making. Further 

prospective multicentre studies are needed to confirm these findings. 

Keywords  

Lung ultrasound; lung ultrasound score; preterm neonate; neonatal intensive care unit; respiratory 

distress syndrome; surfactant; mechanical ventilation. 

4. Santrauka 

Pagrindimas 

Plaučių ultragarsinis tyrimas (LUS) – tai diagnostinis prie paciento lovos naudojamas įrankis, kuris 

vis dažniau taikomas naujagimių intensyviosios terapijos skyriuose (NITS) neišnešiotų naujagimių 

kvėpavimo sutrikimams vertinti ir gydymo metodui pasirinkti. Nors plaučių ultragarsinis tyrimas 

LUS yra plačiai aprašytas tarptautinėje literatūroje, duomenų apie šio įrankio standartizuotą 

naudojimą klinikinėje praktikoje Lietuvoje nėra. Tai pirmas tyrimas Lietuvoje vertinantis 

standartizuoto LUS protokolo įdiegimo poveikį kvėpuojamosios terapijos pasirinkimui. 

Tikslas 

Šio tyrimo tikslas – įvertinti plaučių ultragarsinio tyrimo įdiegimo poveikį neišnešiotų naujagimių 

kvėpavimo terapijos psirinkimui ir šio diagnostinio įrankio saugumą, palyginant trumpalaikių 

klinikinių baigčių dažnius. 

Uždaviniai 

• Palyginti surfaktanto vartojimą ir jo skyrimo dažnį prieš plaučių ultragarsinio tyrimo įdiegimą 

ir po jo. 

• Įvertinti ryšį tarp plaučių ultragarso taikymo ir kvėpavimo palaikymo metodo pasirinkimo. 

• Palyginti trumpalaikių klinikinių baigčių dažnius prieš ir po plaučių ultragarsinio tyrimo 

standartizuoto protokolo įdiegimą. 

Rezultatai 

Į tyrimą įtraukti 172 neišnešioti naujagimiai: 84 – prieš LUS protokolo įdiegimą ir 88 – po jo 

įdiegimo. Pradinės naujagimių charakteristikos tarp laikotarpių iš esmės buvo panašios, tačiau kai 
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kurie motinos ir nėštumo veiksniai skyrėsi. Įdiegus LUS protokolą, mechaninės ventiliacijos (MV) 

poreikis po gimimo sumažėjo, o nuolatinio teigiamo slėgio kvėpavimo takuose terapijos (CPAP) 

taikymo pradžios dažnis išliko panašus. Vis dėlto tiek MV, tiek CPAP trukmės po LUS įdiegimo buvo 

ilgesnės. Surfaktanto skyrimo dažnis ir instiliacijos metodas tarp laikotarpių reikšmingai nesiskyrė. 

Tačiau įkvėpiamo deguonies frakcijos (FiO₂) prognostinė vertė surfaktanto skyrimui po LUS 

įdiegimo pagerėjo. Po LUS įdiegimo tirtoje kohortoje LUS balas buvo nepriklausomas surfaktanto 

skyrimo prediktorius, o vien FiO₂ slenkstinė vertė koreguotame modelyje nebuvo statistiškai 

reikšminga. Vertinant saugumą, dažnų su neišnešiotumu susijusių komplikacijų – intraventrikulinės 

hemoragijos (IVH), neišnešiotų naujagimių retinopatijos (ROP), bronchopulmoninės displazijos 

(BPD) ir sepsio – dažniai tarp laikotarpių prieš LUS įdiegimą ir po jo reikšmingai nesiskyrė. 

Išvados 

Šiame vieno centro retrospektyviniame kohortos tyrime standartizuoto LUS protokolo įdiegimas 

buvo susijęs su kvėpavimo terapijos pasirinkimo pokyčiais, įskaitant sumažėjusį MV inicijavimo 

poreikį. Mes pademonstravom, kad LUS yra saugus diagnostinis įrankis, ir jo įdiegimas nėra susijęs 

su komplikacijų dažniu. Po protokolo įdiegimo LUS balu pagrįstas plaučių vertinimas taip pat suteikė 

kliniškai naudingos informacijos priimant sprendimus dėl surfaktanto skyrimo. Reikalingi tolesni 

prospektyvūs daugiacentriai tyrimai, siekiant patvirtinti šiuos rezultatus. 

Reikšminiai žodžiai 

Plaučių ultragarsinis tyrimas; plaučių ultragarsinis balas; neišnešiotas naujagimis; naujagimių 

intensyviosios terapijos skyrius; respiracinio distreso sindromas; surfaktantas; mechaninė 

ventiliacija. 

5. Introduction 

Extremely preterm infants often need respiratory support to assist the cardiopulmonary adaptation 

that takes place during the first hours after birth [1]. Newly updated resuscitation guidelines focus on 

supporting the postnatal transition, with the establishment of lung aeration, effective breathing or 

ventilation, and optimising pulmonary blood flow [2]. Respiratory distress is the most frequent 

indication for admission to the NICU. Rapid recognition of the underlying cause and initiation of 

appropriate treatment are important for improving both short- and long-term outcomes [3,4]. 

MV is a cornerstone of therapy in modern NICUs [5]. However, MV can lead to severe complications, 

including barotrauma, volumetric injury, ventilator-associated pneumonia, air leak syndrome, 

hyperventilation, and BPD [6–8]. Neonatologists must be able to select and manage both invasive 

and non-invasive respiratory support (NRS) appropriately to treat a wide spectrum of pulmonary 

diseases. Current NICU practice favours the use of NRS in preference to MV whenever clinically 
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feasible [9]. An important challenge for NICU clinicians is determining which neonates are suitable 

candidates for non-invasive ventilation (NIV) and which require MV [4,10]. 

Several studies have demonstrated that implementing LUS in the NICU can aid in these decisions. 

LUS can characterise different causes of infant respiratory distress dynamically [11–13]. LUS is 

widely available, can be performed directly at the bedside without the need for NICU transfer, and 

does not expose infants to ionising radiation [14]. Furthermore, it can be used to assess the efficacy 

of MV, thereby guiding ventilation settings [15].  

Overall, LUS allows more frequent monitoring of treatment response and helps clinicians detect 

improvement or progression of pulmonary pathology. It also enables real-time assessment of lung 

status and supports the day-to-day management of neonates with respiratory failure [16]. 

Despite growing evidence supporting the value of LUS in neonatal respiratory assessment, its impact 

on real-world clinical decision-making in the NICU remains unclear. Data evaluating how the 

implementation of LUS influences respiratory management decisions and short-term clinical 

outcomes in preterm neonates are limited. Assessing these effects in a real-world NICU setting is 

therefore clinically relevant.   

6. Literature Review  

6.1 Background 

The World Health Organisation defines prematurity as any infant born alive before 37 completed 

weeks of gestation, categorising prematurity as moderate to late preterm (32 to < 37 weeks), very 

preterm (28 to <32 weeks), or extremely preterm (<28 weeks) [17].  

Table 1. Newborn Terminology. Adapted from [17,18]. 

Description Weeks of gestation 

Early term infant Extremely preterm Less than 28+0 

Very preterm 28+0 to 31+6 weeks of gestation 

Moderate to late preterm 32+0 to 36+6 weeks of gestation 

Full term infant 39+0 to 40+6 weeks of gestation 

Late term infant 41+0 to 41+6 weeks of gestation 

Post term infant 42+0 week of gestation and beyond 

6.2 Lung Development and Maturation 

Understanding lung development and maturation is central in caring for preterm infants, because lung 

function is one of the main determinants of early survival and later respiratory morbidity. Early 

observations of surface-active material in pulmonary foam and lung extracts set the stage for the 
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surfactant concept, and a major milestone came in 1959 when Avery and Mead linked respiratory 

failure in infants with respiratory distress syndrome (RDS) to reduced surfactant levels in lung 

extracts [19]. 

Once the relationship between atelectasis, hyaline membranes, and surfactant deficiency was 

recognised, international research accelerated, leading to clinically useful ways to assess lung 

maturity before birth: Gluck and colleagues introduced the lecithin-sphingomyelin ratio in 1971, and 

phosphatidylglycerol was later identified as an additional marker of lung maturity testing [20]. 

In parallel, applying respiratory physiology improved outcomes, for example, when Gregory and 

colleagues introduced CPAP to help maintain functional residual capacity (FRC) in infants with RDS; 

antenatal corticosteroids were another breakthrough, with Liggins and Howie reporting a reduced 

incidence of RDS after maternal corticosteroid treatment in 1972 [21]. In this context, LUS may be 

regarded as a more recent development in the same trajectory of physiology-based neonatal 

respiratory care [22].  

Embryogenesis of the Respiratory Tract 

From a structural development perspective, the lung begins very early as a ventral bud from the 

foregut just below the laryngotracheal sulcus, and early branching and morphogenesis are tightly 

controlled by epithelial-mesenchymal interactions [23]. Differentiation of endodermal cells into 

airway epithelial lineages requires coordinated expression of transcription factors and developmental 

gene families [24]. Early development is also dependent on multiple growth and differentiation 

pathways, and disruption of these regulators can lead to severe abnormalities ranging from altered 

branching to lung hypoplasia or even aplasia, while normal airway branching progresses in a timed 

sequence with lobar and segmental airway formation over the first weeks of fetal life. During this 

phase, pulmonary vascular development also proceeds in parallel, branching from the sixth aortic 

arch and forming a vascular plexus within the mesenchyme [25]. 

During the pseudoglandular stage (Figure 1), approximately the fifth to the eighteenth week, the 

conducting airway tree undergoes extensive branching, and cellular differentiation begins in a 

proximal-to-distal pattern, with multiple signalling pathways regulating morphogenesis and regional 

growth [26].  
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Figure 1. Timeline of five stages of lung development in mice and humans. Adapted from [27]. 

The canalicular stage (Figure 1), roughly 16 to 25 weeks, is especially relevant for viability because 

it represents the transition from a pre-viable lung to a potentially viable lung capable of gas exchange 

[28]. Key events in this phase include formation of the acinus, epithelial differentiation with 

development of the future air-blood barrier, and the beginning of surfactant synthesis in recognisable 

type II cells [25]. The surrounding mesenchyme becomes progressively more vascular and closely 

opposed to the airway epithelium, and the capillary network remodels toward a single capillary layer; 

failure of this fusion process can result in severe hypoxemia due to alveolar-capillary dysplasia. 

During this stage, many epithelial cells are still intermediate — meaning they are not fully developed 

as type I or type II cells [29]. 

The saccular stage (Figure 1) spans the potentially viable period from about 24 weeks to term, and 

this is the developmental window that overlaps directly with extreme prematurity; terminal saccules 

elongate and widen, and alveolarization begins around 32 weeks in the fetal human lung [23]. 

Alveolar numbers then increase rapidly from around 32 weeks to term, reaching tens of millions of 

alveoli by term (with wide physiologic variability), creating the anatomical potential for effective gas 

exchange and, therefore, fetal viability [30]. Notably, viable gas exchange can sometimes be 

supported even at 22-23 weeks if structural maturation is sufficiently advanced, and antenatal 

corticosteroids improve survival at these very early gestational ages (GA), indicating that maturation 

of gas exchange capacity can be induced earlier than previously assumed [31].  

LUS findings can be linked to the developmental physiology outlined in this chapter. In very preterm 

infants born during the saccular stage, LUS performed within the first hour of life may show features 

of severe RDS, such as coalescent B-lines and air bronchograms, reflecting diffuse atelectasis due to 

surfactant deficiency [32]. By contrast, in late preterm and term neonates, separated B-lines are more 

consistent with delayed fetal lung fluid clearance as seen in tachypnoea of the newborn (TTN), rather 

than surfactant deficiency [33]. Repeated LUS examinations may also demonstrate the physiological 
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transition from a fluid-filled fetal lung to an increasingly aerated lung, corresponding to the sodium 

channel-mediated fluid clearance mechanisms discussed below [34].  

Clinical Relevance of the Development of the Lung 

Alveolarization continues rapidly into early postnatal life. Older assumptions that alveolar 

development ends in early childhood have been challenged by newer evidence showing ongoing 

alveolar formation well into later life. Animal 3-D imaging studies suggest continued alveolar 

formation into adulthood [23], and hyperpolarised helium MRI data indicate alveolar formation 

continues at least until young adulthood in humans [35]. This regenerative potential helps explain 

why some preterm infants with impaired early lung development may still achieve relatively good 

lung function later in life, although the long- term trajectory depends on the severity of injury and 

subsequent exposures. Alveolarization can be supported or hindered by multiple factors.  

Chronic MV, even at modest tidal volumes and low oxygen concentrations, can disturb both alveolar 

and vascular development [36], leading to an arrested pattern characterised by fewer, larger alveoli 

and abnormal elastin deposition [37]. Similar findings have been reported in preterm infants who died 

after prolonged ventilation or after developing BPD, including reduced alveolar numbers and 

attenuated microvasculature, with a different injury pattern than historically described [38]. 

Inflammatory exposures also matter: antenatal inflammation associated with chorioamnionitis can 

delay alveolar and microvascular development, and although later lung growth is substantial, 

structural consequences may persist after severe BPD, whereas milder disease can show near-normal 

alveolar numbers on imaging in adolescence [39]. In this context, early postnatal LUS may provide 

prognostic information. In a multicentre prospective cohort of 147 extremely preterm infants born at 

≤30 weeks of gestation, Loi et al. performed serial LUS assessments during the first four weeks of 

life and showed that GA-adjusted LUS scores predict BPD at 36 weeks of postmenstrual age, with 

good diagnostic accuracy from day 7 onward. These findings suggest that early sonographic aeration 

patterns may reflect not only acute respiratory status, but also evolving lung injury and later risk of 

impaired alveolar development [14].  

Fetal Lung Fluid  

Finally, fetal lung fluid is an important piece of early respiratory physiology because the airways are 

fluid-filled until birth, and effective clearance is essential for postnatal transition. Near term, fetal 

lungs contain enough fluid to maintain airway fluid volumes that can exceed the later FRC once air 

breathing begins [40]. The composition and regulation of fetal lung fluid differ across species, but 

key principles include active transepithelial chloride secretion that supports fluid production, and the 
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fact that normal fluid volumes support lung development while clearance after birth is required for 

normal respiratory adaptation [41].  

During labour and delivery, the volume of fetal lung fluid decreases. A substantial portion must still 

be absorbed after birth, with most fluid moving into the interstitial space and then into the pulmonary 

circulation. Postnatal clearance depends on active sodium transport through epithelial sodium 

channels. Failure of this mechanism can be fatal in animal models. Glucocorticoids upregulate 

epithelial sodium channel expression in fetal human lung, supporting the clinical observation that 

delayed fluid clearance can contribute to transient respiratory difficulties in newborns and further 

highlighting the influence of maturation processes and perinatal exposures on early respiratory 

outcomes [25]. LUS can provide a direct bedside assessment of this fluid-clearance process. In 

healthy term neonates, the sonographic pattern changes from B-line-predominant images, consistent 

with residual fetal lung fluid, to A-line predominant findings once aeration is completed — usually 

within the first hour of life [34]. Persistence of a diffuse B-line pattern beyond this early transition 

period may indicate delayed aeration and has been associated with a higher likelihood of respiratory 

support [42].  

Surfactant 

Surfactant is a lipoprotein mixture in the alveoli that consists mainly of phospholipids (roughly 70-

80%). It contains a smaller fraction of proteins and neutral lipids such as cholesterol, and its key 

surface-active component is saturated phosphatidylcholine. In the immature lung, surfactant 

composition and overall function are often qualitatively inferior to those of the mature lung. This 

contributes to why preterm infants can deteriorate quickly despite apparently similar clinical 

presentations [25]. Surfactant is produced and handled primarily by type II cells, which package it 

into lamellar bodies and release it into the airspaces. Secretion can be stimulated by catecholamines 

and by mechanical stretch when the lung distends [43].  

Clinically, a low effective surfactant pool size is one reason why some infants fail non-invasive 

support [44]. Surfactant improves alveolar stability by lowering surface tension, helping prevent 

collapse and limiting fluid entry into alveoli and small airways, which supports more uniform lung 

inflation [45]. In surfactant-deficient lungs, positive pressure tends to overexpand the better units, 

while other regions remain collapsed.  

Despite the scientific progress, a major ongoing challenge remains the prevention of BPD in very 

preterm infants, which is closely linked to interrupted lung development and the exposures that 

accompany intensive respiratory care [25]. 
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6.3 The Basics of Neonatal Lung Ultrasound  

History and Introduction to Neonatal Lung Ultrasound 

Lung ultrasound is a portable, radiation-free imaging method that can be performed by the treating 

clinician to evaluate neonatal respiratory conditions [22,46]. Its clinical use has grown substantially 

during  the last two decades, supported by the increasing availability of compact, affordable and user-

friendly ultrasound devices [47]. Initially established mainly in adult emergency and critical care 

settings, LUS is now increasingly integrated into NICU practice for diagnostic assessment and 

procedural support. 

The learning curve is generally considered favourable: there is extensive educational literature, and 

structured training pathways exist in many countries, with competence improving through focused 

hands-on teaching [48–51]. At the same time, LUS is not an automated technique. It is operator-

dependent, meaning the exam's quality depends on both image acquisition and correct interpretation 

[48]. The American Academy of Paediatrics (AAP) technical report highlights that safe use requires 

an institutional framework, including structured training, quality assurance, and credentialing, and 

raises patient-safety concerns when adoption outpaces training and oversight [48]. Practical barriers 

to broader implementation include equipment costs, the need for ongoing quality control, and medico-

legal issues related to documentation, credentialing, and supervision [52]. 

In neonates, bedside point-of-care ultrasound (POCUS) has expanded beyond lung assessment and is 

now used across multiple systems, including cardiac, abdominal, cranial, and vascular assessments 

[53]. 

Preparing for a Lung Ultrasound Examination 

Preparing for a LUS examination in the NICU requires careful planning to optimize diagnostic quality 

while minimizing any negative impact on the neonate. The examination should be performed 

efficiently and with attention to patient safety, comfort, and environmental stability. Particular care 

should be taken to avoid hypothermia by keeping the study as brief as possible and minimizing 

unnecessary handling or changes in position [54]. In addition, strict infection control is essential: both 

the equipment and the hands of all involved staff must be thoroughly sanitized, and transducers and 

leads should be disinfected before and after patient contact [54]. 

Basic Physical Principles of Lung Ultrasound 

Ultrasound is an imaging technique that uses very high-frequency sound waves to visualise internal 

structures and organs. These sound waves are produced by piezoelectric crystals within a transducer 

encased in the probe, which also detects the returning echoes. The strength of the echo depends on 

the properties of the tissue, and stronger echoes appear brighter on the image. The further a structure 
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is from the probe, the longer the echo takes to return, and this determines where it is displayed on the 

screen [55].  

LUS differs from ultrasound of solid organs because normal lung contains air, so image interpretation 

relies heavily on artifacts at the pleural surface rather than direct visualization of lung tissue; 

therefore, understanding these artifacts is fundamental to interpreting neonatal LUS [56].  In the 

healthy aerated lung, the pleural surface reflects the ultrasound beam because it marks the interface 

between the fluid-rich chest wall and the air-containing lung. This generates a hyperechoic pleural 

line with posterior acoustic shadowing. The parietal and visceral pleura are not distinguishable 

individually and are therefore seen as a single echogenic line. As a result, structures visualized below 

the pleural line in the normal lung are artifacts rather than true anatomical images [57,58]. 

The key patterns are relatively straightforward: A-lines are horizontal reverberation artifacts 

appearing as parallel lines below the pleural line, consistent with normal aeration. These are created 

by sound waves bouncing back and forth between the pleural line and the ultrasound probe [48,56,59]. 

B-lines are vertical artifacts that extend from the pleural line to the bottom of the ultrasound screen, 

representing thickened interlobular septa caused by interstitial or alveolar fluid accumulation and 

represents nonaerated lung, often with an abnormal pleural line and air bronchograms [53]. 

Interpreting the pattern and distribution of these findings helps differentiate conditions that can 

clinically appear similar and allows clinicians to track changes over time with treatment [48]. 

Standard Scanning Protocol and Technique 

Technically, neonatal LUS is typically performed with a high-frequency linear probe, often with the 

infant in a supine position [60]. It could also be performed in the prone position, but this body position 

needs to be maintained for at least 1 hour to allow lung fluids to settle with gravity [61]. With adjusted 

image depth and gain to show clear air-fluid interface patterns any probe could be used. A recent 

study found no significant differences in the interpretation of artifacts between different probes in 

newborns [33].  

To obtain high-quality images during LUS, several machine settings should be optimized, particularly 

gain, depth, and focal zones. Gain should be adjusted so that rib shadows appear black (hypoechoic), 

the pleural line appears bright white (hyperechoic), and the superficial tissues are displayed in shades 

of grey [57]. Although no universally recommended depth has been established for newborns, a 

setting of approximately 3-4 cm is generally adequate [54]. 

LUS is primarily performed in two-dimensional mode (2D), also known as B-mode, which represents 

the standard imaging mode for lung assessment. This technique generates cross-sectional images by 

transmitting and receiving sound waves through the transducer, allowing visualization of structures 
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in terms of width and depth. In addition, motion mode (M-mode) can be used to assess the movement 

of the pleural layers during respiration, particularly to evaluate lung sliding [54,63]. 

Lung Ultrasound Examination 

A systematic LUS examination evaluates the anterior, lateral, and posterior lung fields bilaterally. As 

shown in Figure 2, each hemithorax is divided into three regions: the anterior region between the 

sternum and the anterior axillary line, the lateral region between the anterior and posterior axillary 

lines, and the posterior region between the posterior axillary line and the spine. For LUS scoring in 

neonates, the anterior and lateral regions are commonly subdivided into upper and lower parts using 

the nipple line as a landmark, resulting in six scorable zones: right upper anterior (R1), right lower 

anterior (R2), right lateral (R3), left upper anterior (L1), left lower anterior (L2), and left lateral (L3) 

[54,60,64]. 

 

Figure 2. Lung regions for systematic LUS examination and scoring in neonates. R1-R3 and L1-L3 

represent the anterior and lateral scoring regions, while RP and LP indicate the posterior regions. 

Adapted from [54]. 

LUS can be performed in two planes: a vertical longitudinal scan (Figure 3.A) and a horizontal 

transcostal scan (Figure 3.B). The vertical longitudinal view is the primary and most used scanning 

mode for lung evaluation in neonates, while the horizontal transcostal view serves as a 

complementary approach that may help avoid rib shadowing and provide additional information on 

the extent or depth of pathological findings. For accurate imaging, the transducer should be positioned 

perpendicular to the lung [54]. 
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Figure 3. Probe position for neonatal lung ultrasound. Panel A shows the vertical longitudinal scan, 

and Panel B shows the horizontal transcostal scan. Adapted from [54]. 

Lung Ultrasound Scoring System 

The most commonly used scoring system is the LUS score originally described by Brat et al [65]. In 

this system, each lung is divided into three regions-upper anterior, lower anterior, and lateral —

resulting in a total of six regions across both lungs (Figure 2). Each region is assigned a score from 0 

to 3 according to the degree of aeration, with 0 indicating best aeration and 3 indicating worst 

pathology. The zone scores are summed to produce a global score reflecting overall lung aeration and 

the regional scores are then summed to obtain the total LUS score [53]. A score of 0 indicates a 

normally aerated lung with A-lines (Figure 4.1), consistent with preserved alveolar aeration at end-

expiration [48,65]. A score of 1 indicates the presence of multiple separated B-lines (Figure 4.2), 

representing mild loss of aeration or increased interstitial fluid, a pattern more typical of retained fetal 

lung fluid, as seen in TTN, than of marked surfactant deficiency [48,65,66]. A score of 2 indicates 

confluent B-lines with disappearance of A-lines (Figure 4.3), corresponding to more pronounced 

aeration loss, which in RDS may reflect alveolar collapse related to surfactant deficiency and 

increased surface tension [48,65,67]. A score of 3 indicating severe aeration loss with consolidative 

changes, typically including subpleural consolidation and/or air bronchograms as shown in Figure 

4.4 [48,65]. This pattern may reflect severe regional loss of aeration, where non-aerated lung tissue 

surrounds air-filled bronchi, making air bronchogram visible sonographically [48,65]. A recent 

multicentre prospective study confirmed that LUS aeration score correlates with direct measures of 

surfactant deficiency (stable microbubble rating) and with chest X-ray (CXR) severity, supporting the 

interpretation that the score reflects the underlying pathophysiology rather than just a sonographic 

pattern [68]. 
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Figure 4. Four typical LUS patterns and their corresponding severity scores. In pattern 1, the arrow 

indicates the A-line artifact. In pattern 2, the arrows indicate separated B-lines. In pattern 4, the arrow 

indicates a subpleural air bronchogram. Adapted from [48].  

The total LUS score increases as lung aeration decreases. In preterm infants born before 30 weeks of 

gestation, values above 8 have been reported to predict the need for surfactant therapy [69]. 

Nevertheless, the optimal cut-off is not universal and depends on the scoring system applied. A 

multicentre study comparing the three most commonly used scoring systems – Brat, Raimondi and 

Rodriguez-Fanjul –  showed that each system predicted surfactant requirement with good diagnostic 

performance (AUC 0.79-0.85), but with different cut-off values: 8 for Brat and Raimondi and 10 or 

higher for Rodriguez-Fanjul [70]. Therefore, LUS cut-off should be interpreted according to the 

scoring system used and centres should apply one scoring approach consistently.  

In preterm infants with RDS, the highest clinical relevance of this score lies in its ability to identify 

the sonographic pattern of surfactant-deficient lung disease before deterioration is expressed only by 

rising oxygen demand [54,71]. Higher scores reflect diffuse and bilateral loss of aeration, a pattern 

that is consistent with more severe surfactant deficiency and increasing alveolar decruitment [54,72]. 

This is especially important for the cohort investigated in the present study, where LUS was used in 

preterm infants with respiratory distress to support early respiratory decision-making.  

A further advantage of the score is that it transforms qualitative sonographic findings into a semi-

quantitative bedside parameter that can be followed over time. In this way, LUS does not only 

describe lung morphology but also supports functional assessment of disease severity and treatment 

response. This is one reason why neonatal LUS is increasingly discussed not only as a diagnostic tool 

but also as a decision support tool for interventions such as surfactant therapy [46,48]. 

The clinical urgency of early LUS assessment is rooted in the time-sensitivity of surfactant therapy. 

In RDS, surfactant deficiency is most pronounced immediately after birth, while endogenous 

production increases gradually over the following days. Exogenous surfactant is most effective when 
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administered early – ideally within the first 2-3 hours of life – before significant alveolar injury and 

surfactant inactivation have developed [73]. An umbrella review of high-certainty evidence 

confirmed that early selective surfactant administration, compared with delayed therapy, is associated 

with a lower risk of BPD or mortality (RR 0.83; 95% CI 0.75-0.91) [74]. However, FiO2-based 

thresholds may only be reached after this optimal window has passed, because impaired oxygen is a 

late consequence in the pathophysiology cascade [75]. By contrast, LUS can identify sonographic 

patterns consistent with surfactant-deficient lung disease before management depends solely on rising 

oxygen demand, thereby supporting surfactant treatment within the optimal time window [76]. The 

updated 2025 European Consensus Guidelines on the management of RDS recognise LUS as a tool 

that may support early surfactant decision-making alongside conventional criteria [77]. 

Clinical Context and Neonatal Transition 

During the neonatal transition period, there is significant interplay between the heart and the lungs. 

LUS plays a crucial role in this context, as it helps differentiate between various conditions, their 

underlying causes and severity. Recent evidence shows that LUS is increasingly used even in the 

delivery room to assess respiratory transition and guide early respiratory management, with normal 

postnatal adaption characterised by rapid progression from fluid-rich to aerated lung patterns [78]. 

Over the last decade, its uptake has been driven by evidence suggesting high diagnostic accuracy for 

several neonatal lung conditions and by the practical advantage of avoiding repeated chest 

radiographs in very preterm infants [2]. The AAP supports the use of LUS in the diagnosis and 

management of neonatal respiratory disease, including RDS, TTN, pneumothorax and lung 

consolidation [48]. 

In preterm infants with evolving RDS, early LUS findings are valuable because clinical signs may 

initially be non-specific despite progressive loss of lung aeration [79]. Timely sonographic 

assessment can support earlier differential diagnosis and may help avoid both delayed treatment and 

unnecessary intervention [70,71,80]. This is especially relevant for surfactant decision-making, where 

LUS adds information beyond clinical assessment and FiO2 requirement alone [71,77]. 

In summary, LUS provides NICU clinicians with a practical tool that complements clinical 

assessment and traditional imaging. It is particularly suitable for neonatal care because it is fast, 

repeatable, and enables dynamic real-time assessment of respiratory pathologies — an important 

advantage in preterm infants, in whom similar symptoms may arise from different underlying 

mechanisms [52]. 
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6.4 Neonatal Respiratory Distress Syndrome 

Neonatal RDS, also referred to as surfactant deficiency disorder, is a pulmonary condition in infants 

caused by insufficient pulmonary surfactant [81]. It is one of the core diagnoses and a leading cause 

of morbidity in neonatology because it is common, time-sensitive, and directly linked to prematurity-

related lung immaturity [25]. Classic risk factors that increase the likelihood or severity include 

prematurity itself, male sex, multiple gestation, and maternal diabetes [82]. 

Pathophysiology 

Preterm lungs are not fully ready to stay open after birth. The main problem is surfactant deficiency 

combined with structural and functional immaturity of the developing lung. This is why RDS is seen 

predominantly in preterm infants and why the incidence rises the lower the GA, particularly in infants 

born before 32 weeks [82]. The immaturity of type II pneumocytes leads to inadequate surfactant 

production. This triggers a cascade of responses leading to decreased alveolar distensibility, capillary 

leak oedema, noncompliant lungs, and respiratory distress [25]. 

Pathophysiologically, the lack of surfactant increases alveolar surface tension, promoting alveolar 

collapse at end-expiration. Once alveoli repeatedly collapse, the lungs become stiffer (reduced 

compliance), the infant must generate higher pressures to ventilate, and effective gas exchange 

becomes harder. This leads to ventilation-perfusion mismatch, progressive hypoxaemia, and rising 

work of breathing. If the disease progresses, the infant can deteriorate quickly [82]. 

Clinical Presentation 

Clinically, RDS usually becomes apparent within minutes to hours after birth and often worsens 

during the first day or two. Typical signs are tachypnoea, grunting, nasal flaring, retractions, and, in 

more severe cases, cyanosis. On auscultation, breath sounds may be reduced, and fine crackles may 

be present. However, clinical findings alone are not specific.  

Diagnosis 

In practice, diagnosis is based on the clinical picture, GA, increasing oxygen requirements, and 

supportive imaging. Chest radiography classically shows a diffuse, symmetrical ground-glass or 

reticulogranular pattern with air bronchograms (Figure 5), reflecting reduced aeration and widespread 

atelectasis. Because many neonatal conditions present with respiratory distress as the first sign, it is 

important to consider differentials, especially early after birth.  
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Figure 5. RDS. X-ray chest (AP view). Lungs show a diffuse granular pattern with low volumes. Air 

bronchogram (green overlay) can be seen. Endotracheal (red) and nasogastric (yellow) tubes are 

present. There is also a left central line (blue). Adapted from: [83]. 

Typical LUS findings are preserved lung sliding, an irregular and thickened pleural line, subpleural 

consolidations, and numerous confluent B-lines, producing a bilateral homogeneous "white lung" 

appearance (Figure 6). In severe RDS requiring surfactant replacement therapy, spared areas are 

typically absent, meaning that normal regions with a regular pleural line and A-lines are not seen 

[54,84]. 

 

Figure 6. LUS appearance of RDS. Panels (A-C) present longitudinal views of the right anterior 

upper (R1), right anterior lower (R2), and right lateral lung regions of a preterm infant with RDS. The 

pleural line appears thickened, and all examined lung fields demonstrate a diffuse "white lung" pattern 

without visible A-lines, consistent with marked loss of aeration in RDS. On LUS scoring, each right-

sided region is graded 2, resulting in a right lung score of 6. The left lung was likewise scored 6, 

giving a total LUS of 12/18. Adapted from [54]. 

Differential Diagnosis 
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Conditions that can symptomatically mimic RDS or overlap with it include TTN due to delayed lung 

fluid clearance, meconium aspiration, pneumonia, neonatal sepsis, pneumothorax or other air leaks. 

Also, non-pulmonary causes such as congenital heart disease or congenital diaphragmatic hernia. 

Clinically, these can look similar at the bedside, yet the underlying mechanism and, therefore, the 

best management can differ significantly. This is one of the reasons why bedside tools that help 

distinguish pathology early are so useful in neonatal care [82].  

Prognosis 

Outcomes for infants with RDS have improved substantially over time due to advances in perinatal 

care, particularly antenatal corticosteroids and surfactant therapy. However, RDS is still clinically 

important because it sits on a pathway that can lead to complications. Severe or prolonged respiratory 

disease and escalation to invasive ventilation increase the risk of BPD and can be associated with 

broader prematurity-related morbidity, including adverse neurodevelopmental outcomes - especially 

in extremely preterm infants. In that sense, RDS is not only a short-term respiratory issue; it can 

influence the entire NICU course and long-term health [82].  

Prevention 

Prevention is therefore a major theme in neonatology. Antenatal care, especially the use of antenatal 

corticosteroids in mothers at risk of preterm delivery, reduces both the incidence and severity of RDS. 

It remains a key strategy in modern perinatal management [85]. 

6.5 Management of Respiratory Distress Syndrome  

Due to medical innovations, the survival of preterm infants continues to improve. There is a growing 

trend to offer life support to neonates born at lower levels of viability [86]. With increasing numbers 

of younger preterm infants, the challenges also increase [87]. Management of RDS is generally based 

on early stabilisation and respiratory support, with a preference for non-invasive approaches when 

possible and for surfactant replacement when indicated. Clinical practice aims to maintain adequate 

oxygenation and ventilation while minimising lung injury, because prolonged or aggressive MV is a 

major contributor to ventilator-induced lung injury and later BPD [77,88].  

Prenatal Care  

Lack of antenatal care is associated with a higher risk of death or severe morbidity [89]. In the context 

of RDS, management begins before birth. A key priority is the early identification of pregnancies at 

high risk of preterm delivery so that mothers can be transferred in utero to tertiary perinatal centres, 

particularly when birth before 28-30 weeks of gestation is expected, where appropriate expertise for 

the management of severe prematurity and RDS is available  [77]. 
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Among prenatal interventions, antenatal corticosteroids are one of the most important evidence-based 

measures. A single course administered to women with anticipated preterm birth before 34 weeks of 

gestation has been shown to improve neonatal survival and reduce the risk of RDS, necrotising 

enterocolitis, and IVH, without relevant short-term maternal or fetal adverse effects [90]. The greatest 

benefit is achieved when steroids are given at least 24 hours before birth. In selected cases of 

persistent threatened preterm birth before 32 weeks, a single repeat course may be considered if the 

initial course was given 1-2 weeks earlier [77,82]. 

Delivery Room Stabilisation 

Delivery room management is a critical part of RDS care, as the first minutes after birth may strongly 

influence subsequent respiratory outcome. Staff members attending births must be able to rapidly 

identify infants who need immediate airway support and lung inflation in order to establish effective 

gas exchange and support cardiopulmonary transition [88]. European resuscitation guidance 

particularly emphasises early recognition of infants born in poor condition and prompt intervention 

focused on airway opening and lung aeration [2]. Each of the delivery room interventions discussed 

below, represent a modifiable factor that, if not optimised, can independently compound the 

underlying surfactant deficiency and worsen the severity and course of RDS [77,91]. 

An important aspect of early stabilisation is umbilical cord management. Current evidence suggests 

that immediate cord clamping should be avoided whenever possible, as delayed clamping is 

associated with lower in-hospital mortality and a reduced combined risk of death or disability at 2 

years [92]. Longer delay may provide additional benefit, with deferral beyond 2 minutes being 

associated with the lowest mortality risk [93]. In this context, physiologically based cord clamping 

has been proposed as an alternative to a strictly time-based approach, meaning that the cord is 

clamped only after respiratory stability has been achieved [94]. 

For spontaneously breathing infants, early CPAP is the preferred initial support, as it is associated 

with less lung injury and a lower risk of BPD than intubation [95].  

Body temperature should be maintained between 36.5 and 37.5°C, and preterm infants ≤32 weeks 

should be protected from heat loss using plastic wrapping and preheated radiant warmers [96]. 

Oxygen supplementation should be titrated with an air-oxygen blender, as preterm infants may require 

higher oxygen concentrations than term infants during transition, while avoiding excessive oxygen 

exposure [97]. Monitoring during this period focuses mainly on heart rate and oxygen saturation, with 

SpO2 expected to rise progressively during the first 10 minutes after birth [77]. 

Although LUS is most often performed after NICU admission, emerging evidence suggests that it 

may also be useful during delivery room stabilisation. A systematic review of delivery room LUS 
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applications found that neonatologists-performed scanning during resuscitation is feasible and 

clinically informative, with several scoring systems showing good discriminative performance for 

predicting the need for respiratory support shortly after birth [98]. In very and extremely preterm 

infants, LUS performed as early as 5-10 minutes after birth predicted surfactant need with an AUC 

of 0.78, outperforming FiO2 at the same point. Predictive accuracy increased further at 1-3 hours of 

life (AUC 0.86) [99]. These findings suggest that early LUS may complement the clinical assessment 

tools described above even before NICU transfer, although delivery room scanning introduces 

logistical challenges and requires trained personnel.  

Surfactant Therapy 

The feasibility of surfactant replacement was first demonstrated in animal models in the 1970s and 

then successfully translated to clinical use in humans in 1980, ultimately establishing antenatal 

corticosteroids and postnatal surfactant as two of the most effective therapies in neonatology for RDS 

related to immaturity [100].  

Surfactant therapy improves survival and reduces oxygen exposure, ventilator requirement, and 

pneumothorax, which makes it one of the most important treatments for surfactant-deficient lung 

disease in preterm infants [87,88]. In contemporary care, surfactant is no longer viewed as routine 

prophylaxis for all preterm infants, but as an early and targeted therapy for infants with clinically 

significant RDS [101]. After administration, oxygenation often improves rapidly, whereas 

improvement in lung compliance and carbon dioxide clearance may occur more gradually [103]. 

In earlier trials, surfactant was usually delivered as a bolus through an endotracheal tube (ET), often 

followed by positive- pressure ventilation and a period of ventilator weaning. This traditional method 

allows reliable delivery of a full dose directly into the trachea but requires airway expertise and may 

contribute to lung injury if ventilation is not carefully controlled. To reduce the disadvantages of 

prolonged intubation, the IN-SUR-E approach represented an important step toward limiting 

ventilation time and reducing lung injury, in which surfactant is given through an ET followed by 

brief manual ventilation and rapid extubation back to CPAP [104,105]. 

Current evidence, however, supports thin-catheter administration during spontaneous breathing on 

CPAP, commonly referred to as less invasive surfactant administration (LISA), as the preferred 

technique in suitable infants [101,106–108]. This method avoids routine bagging, reduces the need 

for MV, and has been associated with lower rates of death or BPD and less IVH compared with IN-

SUR-E at similar treatment thresholds [106]. Cohort data and clinical experience from Europe also 

suggest overall better outcomes with this method [109,110], and early rescue LISA may additionally 

reduce oxygen exposure, air leaks, ventilation need, and treatment costs [77]. Nevertheless, LISA still 

requires laryngoscopy, which may be uncomfortable and destabilising in very small infants, while 
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sedation may decrease discomfort but increase apnoea and the later need for positive- pressure 

ventilation [111]. For more mature infants, laryngeal mask administration may be an alternative, 

whereas nebulised surfactant remains investigational and has not yet shown convincing benefit in the 

smallest infants [109,112]. 

A major challenge in surfactant therapy is deciding when treatment should be given. If intubation is 

required during stabilisation, especially in infants between 24 and 30 weeks of gestation, surfactant 

should be administered immediately in order to improve lung compliance and support early 

extubation [79]. Infants at 22-23 weeks of gestation form a special group in whom planned intubation 

and very early surfactant treatment are often considered necessary. At the same time, many preterm 

infants can initially be managed on CPAP, and surfactant is therefore generally used as time-sensitive 

rescue therapy once RDS becomes clinically apparent [112]. In routine practice, treatment decisions 

are still mainly guided by pragmatic FiO2 and CPAP thresholds [109,112]. The decision is further 

complicated by variability in clinical guidelines. Uncertainty remains regarding optimal thresholds in 

routine practice and across settings. Clinical and radiological criteria for surfactant need are limited 

in sensitivity and specificity since extremely preterm infants may require different strategies than 

those born at a later GA. 

LUS scoring has been proposed as a useful approach to address this challenge: a meta-analysis of ten 

studies (1162 neonates) found that LUS performed within 1-3 hours after birth predicted the need for 

surfactant with a pooled sensitivity of 86% and a specificity of 82% [76]. A multicentre pragmatic 

study also showed that LUS predicted the first surfactant dose reliably across GA, with even stronger 

predictive performance when combined with SpO2/FiO2 ratio (AUC 0.93) [113]. In addition, the 

ULTRASURF randomised trial reported that LUS-guided surfactant administration resulted in earlier 

administration (1 vs. 6 hours of life) and improved oxygenation after therapy compared with criteria 

based on FiO2 alone [114]. However, evidence that LUS-guided surfactant strategies improve major 

clinical outcomes such as BPD or mortality is still lacking. The ongoing international LUNG-Study 

(NCT05198375) is specifically designed to test whether LUS-guided surfactant decision can reduce 

BPD or death in 668 infants born at 25-29 weeks of gestation [70].  

CPAP 

Continuous positive airway pressure is a mode of spontaneous breathing support in which a constant 

positive end-expiratory pressure (PEEP) is maintained throughout both inspiration and expiration, 

functionally comparable to continuous PEEP. By preventing end-expiratory alveolar collapse, CPAP 

increases functional residual capacity, improves oxygenation, reduces the work of breathing, and may 

also decrease the frequency of apnoeic episodes [25,115]. In preterm infants with RDS, CPAP is 

therefore used to stabilise lung aeration early and to avoid intubation whenever possible. 
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In neonatal practice, CPAP is usually delivered non-invasively via nasal prongs or nasal masks using 

heated and humidified gas, generally at pressures in the range of about 5-10 cmH20 [115]. Current 

resuscitation guidance recommends early CPAP support for spontaneously breathing preterm infants, 

with a starting PEEP level of around 6 cmH20 [2]. Higher pressures may further improve oxygenation, 

but they also increase the risk of complications such as air leaks or gastric distension, so the pressure 

level must be adjusted according to the individual infant's respiratory condition [116]. 

From a technical perspective, the principle of CPAP is the generation of a continuous distending 

pressure in the airways. Historically, this could also be achieved in intubated, spontaneously breathing 

patients using a T-piece system with continuous fresh-gas flow, a PEEP valve, a reservoir bag, and a 

manometer [117]. In modern neonatal intensive care, however, CPAP is typically provided by 

dedicated ventilator modes or neonatal CPAP systems, making separate classical devices no longer 

necessary [117]. Within the broader concept of NRS, CPAP remains one of the main first-line 

strategies for infants at risk of RDS who do not require immediate intubation [25]. 

LUS may also support the assessment of the response to CPAP and decisions about when CPAP can 

safely be discontinued. In a prospective physiological study, stepwise increase in CPAP from 4 to 8  

cmH2O was associated with improved LUS-assessed lung aeration and oxygenation, although the 

additional benefit appeared limited above 6 cmH20, particularly in infants with RDS [118]. In 

addition, a multi-outcome study reported that LUS performed before CPAP withdrawal predicted 

successful discontinuation with excellent accuracy (AUC 0.86) [119]. 

Mechanical Ventilation Strategies 

Mechanical ventilation is required in preterm infants with RDS when NRS is insufficient, particularly 

in infants who remain apnoeic or bradycardic and therefore require intubation for stabilisation [120]. 

Although avoidance of ventilation is associated with better outcomes overall, this is not always 

feasible, especially in extremely preterm infants at the margins of viability, in whom primary 

intubation may sometimes be the safest approach [110,121,122]. Even with modern non- invasive 

strategies and prophylactic surfactant, a substantial proportion of extremely preterm infants still 

require MV during their clinical course [110]. 

The purpose of MV is to maintain adequate gas exchange by applying positive pressure while 

minimising ventilator-induced lung injury. This requires an "open lung" strategy that avoids both 

overdistension and repeated collapse of unstable alveoli. Excessive inflation may lead to air leaks and 

pulmonary interstitial emphysema, whereas insufficient distending pressure promotes cyclical 

opening and closing of atelectatic lung units, thereby contributing to injury and inflammation [123]. 

For this reason, the duration of MV should be kept as short as possible, and lung-protective ventilation 

strategies should be preferred whenever invasive support is necessary [120]. In particular, volume-
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targeted ventilation is considered preferable to pressure-limited modes in infants with RDS who 

require MV [77].  

Adjunctive pharmacological support also plays an important role during invasive respiratory care. 

Caffeine citrate, usually given as a 20 mg/kg loading dose followed by 5-10 mg/kg maintenance, is 

used to facilitate weaning from MV and to reduce the risk of bronchopulmonary dysplasia. 

Prophylactic caffeine in standard doses is recommended for infants born before 32 weeks of gestation 

[77]. 

LUS may also contribute to decisions around MV. An early LUS score >7, assessed within 0-6 hours 

of life, predicted the need for MV within 72 hours with 89% sensitivity (AUC 0.80)[119]. Among 

neonates already on NIV, a LUS higher than 7 also helped to distinguish infants who later required 

escalation to invasive ventilation with an AUC of 0.82 [124]. Furthermore, LUS has shown potential 

for predicting extubation failure, with reported 95% sensitivity, 85% specificity, and an AUC of 0.95 

[125]. Additional evidence supports the use of LUS for predicting extubation outcomes across 

different GA groups. In preterm infants born before 34 weeks of gestation, a pre-extubation LUS cut-

off higher than 7 predicted 80% sensitivity and standardised 96% specificity (AUC of 0.97) [126]. A 

systematic review also identified LUS as a promising tool for assessing extubation failure, although 

the included studies used different scoring systems and cut-off values, meaning that further validation 

is still needed [127]. 

6.6 Conventional Decision-making Tools and Their Limitations 

A central dilemma in contemporary neonatal respiratory care is determining the optimal timing of 

surfactant administration. In infants who develop RDS, surfactant deficiency is greatest shortly after 

birth, while endogenous surfactant production increases gradually over the following 3-5 days 

[128,129]. Exogenous surfactant has the greatest effect when given before substantial lung injury and 

impaired gas exchange have developed; its efficacy may be reduced once RDS is fully established, 

with alveolar and airway injury and increasing surfactant inactivation [79]. In current NICU practice, 

RDS severity is therefore usually assessed indirectly using bedside clinical signs, FiO2 requirement, 

and imaging-based evaluation of lung aeration, traditionally by CXR [77,130]. Although this 

approach remains clinically useful, each of these parameters can be influenced by ongoing respiratory 

support, particularly CPAP, making early treatment decisions challenging [108]. Early recognition is 

therefore important, because respiratory support and surfactant therapy should ideally be initiated 

before further deterioration occurs [77,79]. 

Fraction of Inspired Oxygen 
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FiO2 describes the fraction of oxygen in the inspired gas mixture delivered to the infant, typically 

through CPAP or nasal intermittent positive pressure ventilation (NIPPV). It is always interpreted in 

the context of the infant's overall clinical status and the level of respiratory support. A rising FiO2 

requirement generally indicates the infant needs more oxygen to maintain adequate saturation, often 

suggesting worsening oxygenation (hypoxaemia) and more severe respiratory disease. Many 

international guidelines use FiO2 thresholds around 0.30 on CPAP as a trigger for rescue surfactant 

in preterm infants with RDS. Particularly when the increase is sustained above baseline and 

accompanied by ongoing clinical signs of distress [88].  

FiO2 alone is an imperfect marker and sometimes delayed [71,112] for guiding decisions on 

respiratory support and surfactant administration in preterm infants with RDS because it does not 

capture the multifactorial nature of respiratory failure in this population. FiO2 requirements can be 

affected by factors beyond surfactant deficiency, such as atelectasis, infection, haemodynamic 

instability or differences in lung compliance. In addition, an increased FiO2 requirement may also 

reflect ventilation-perfusion mismatch rather than surfactant deficiency itself. This is clinically 

relevant because impaired oxygenation can therefore occur even in the absence of true RDS 

progression. It does not directly measure the underlying pathophysiology [70,117]. There is also a 

substantial variability between infants: the same FiO2 may reflect very different degrees of lung 

disease depending on GA and the effectiveness of NIV in recruiting and stabilising the lung [25]. In 

that situation, relying too heavily on FiO2 may lead to polar errors: delaying surfactant in an infant 

whose RDS is progressing quickly or giving surfactant to an infant whose oxygen needs are transient 

and driven by something else. For these reasons, FiO2 is most useful when interpreted together with 

the clinical examination and trends over time, and, when available, with additional information such 

as blood gas results and imaging [130]. Overall, good decision-making requires integrating FiO2 into 

the broader clinical context rather than treating it as a single trigger [112]. 

Chest X-Ray 

Chest X-ray has traditionally been the main imaging tool used in the NICU to support the diagnosis 

of neonatal respiratory disease, assess severity, and identify complications such as air leaks or ET 

malposition [131]. Its widespread use is largely explained by broad availability and familiarity among 

clinicians [132]. However, chest radiography also has significant disadvantages. In very preterm 

infants, repeated imaging during long NICU stays results in cumulative radiation exposure [133]. 

Beyond radiation, CXR also has a practical limitation: it provides only a static snapshot. It does not 

reflect rapid changes in lung aeration and recruitment, which are exactly what clinicians are trying to 

understand in the acute phase of respiratory distress [134]. Radiographic findings may also not fully 

match early clinical severity [135]. The interpretation can be influenced by practical issues such as 
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positioning and the technical quality of the image in fragile infants. Supine views and patient rotation 

can introduce artefacts that complicate interpretation and may lead to uncertainty or misclassification. 

These limitations have increased interest in bedside, repeatable, radiation-free tools such as LUS 

[134]. 

Taken together, clinical assessment, FiO2 trends, and CXR all provide useful information, but none 

alone reliably captures lung aeration and disease evolution in real time. [131]. An ideal bedside tool 

would be rapid, repeatable, feasible during NIV, and would not add radiation burden. LUS meets 

many of these requirements and has therefore gained increasing attention in neonatal intensive care 

units.  

6.7 Lung Ultrasound in Neonatal Respiratory Decision Making 

In neonatal intensive care, LUS has become increasingly relevant as a bedside adjunct that can 

support respiratory decision making in a way that complements, rather than replaces, conventional 

assessment. The AAP describes POCUS as an extension of the physical examination that can provide 

rapid bedside information to support immediate clinical decisions, while not substituting for formal 

radiology imaging when a more comprehensive diagnostic assessment is required [19]. This is 

particularly important in the NICU, where respiratory status may change quickly and repeated 

reassessment is often necessary. Because LUS is radiation-free, portable, and suitable for serial 

examinations at the bedside [53], it offers practical advantages over CXR [46] in unstable preterm 

infants and fits well into routine NICU workflow [19,111]. In this context, LUS is increasingly 

regarded as a useful adjunct to CXR, preserving the strengths of bedside imaging such as speed, 

repeatability, and absence of radiation, while still requiring a structured and standardised approach to 

ensure consistent quality [136]. 

The clinical value of LUS lies not only in diagnosis but in its ability to support earlier and more 

individualised therapeutic decisions. In preterm infants with evolving RDS, respiratory symptoms 

shortly after birth may still be non-specific even though the underlying pathology is already 

progressing [79]. Early sonographic assessment can therefore help differentiate between transient 

TTN, evolving RDS, pneumothorax, or consolidation, and may reduce both delayed treatment and 

unnecessary intervention [70,71,80]. This is especially relevant for surfactant decision making, 

because LUS links bedside imaging more directly to the pathophysiological severity of lung disease 

rather than waiting for later clinical deterioration alone [71,77]. Contemporary surfactant care still 

relies largely on pragmatic FiO2 and CPAP thresholds [11,112]. More recent work has therefore 

increasingly separated the question of when surfactant should be given from how it is administered, 

focusing on whether bedside tools such as LUS can refine treatment selection while the delivery 

technique itself may still depend on the infant's stability [69,70].  
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LUS Score 

A major advantage of LUS is that it can be applied in a structured and repeatable [53] manner through 

semi-quantitative scoring. Rather than offering only a binary bedside impression, LUS scores provide 

an additional layer of functional information [137] that can support serial monitoring and more 

standardised decision making. In preterm neonates with RDS, several studies have shown that semi-

quantitative LUS scores can help identify infants who are more likely to require surfactant, thereby 

supporting earlier and more targeted treatment [65,72,138,139].  

A recent meta-analysis suggested that LUS is generally very good at identifying infants who will need 

surfactant early, particularly for ruling out those unlikely to require treatment, although its ability to 

positively predict treatment need was somewhat less strong [72]. This is clinically meaningful 

because surfactant tends to be most effective when administered early, ideally within the first 2-3 

hours after birth, yet FiO2-based criteria may only be met later in the course of disease [71,79,138]. 

Accordingly, LUS-guided surfactant replacement strategies, including echography-guided surfactant 

therapy (ESTHER), have been associated with a higher proportion of infants treated within the 

optimal time window, lower oxygen exposure before treatment, and improved oxygenation after 

surfactant administration, without increasing overall surfactant use [25,37,39]. A practical example 

of how the LUS score can complement FiO2-based decisions comes from the ESTHER quality 

improvement project, where surfactant was administered when either FiO2 exceeded a local cut-off 

or the LUS score exceeded a defined cut-off (e.g. >8), whichever occurred first. This approach 

improved the timeliness of surfactant replacement and reduced the maximal FiO2 reached before 

treatment [71]. Overall, the key idea is that the LUS score adds an additional layer of information that 

can support earlier and more individualised respiratory decisions, rather than waiting for oxygen 

requirements alone to declare failure. 

Reflecting the growing importance of this concept, ongoing multicentre trials are now evaluating 

whether combining FiO2 criteria with LUS score thresholds results in better clinically meaningful 

outcomes than conventional threshold-based management alone [70]. Despite these advantages, 

several limitations of LUS in respiratory decision-making should be acknowledged. As discussed in 

Chapter 6.3, LUS is operator dependent and requires structured training and institutional oversight. 

A scoping review comparing LUS with CXR reported generally excellent interobserver agreement 

for LUS scoring (Cohen's κ ≥0.83), but emphasised that reliability depends on standardised scanning 

protocols and consistent training [134]. Furthermore, LUS scoring systems use different cut-off 

values, which are not interchangeable across studies [70]. Therefore, the same scoring approach 

should be applied consistently within a given unit. To reduce training-related variability, the ESPNIC 

has recently published an expert consensus framework outlining a standardised pathway for neonatal 
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LUS competency assessment [140]. Finally, although LUS-guided strategies have shown benefits in 

process outcomes, such as earlier surfactant administration and reduced MV initiation, evidence from 

large, randomised trials demonstrating improvement in major clinical outcomes such as BPD or 

mortality, is still awaited. 

6.8 Summary and Evidence gap  

In the delivery room and early NICU period, respiratory management of very preterm infants is a 

constant balance between two goals that can pull in different directions: on the one hand, stabilising 

gas exchange quickly enough to prevent hypoxaemia and deterioration. On the other hand, avoiding 

unnecessary intubation and MV is important because ventilator-induced lung injury can contribute to 

downstream complications such as BPD [2].  

In practice, clinicians start with clinical assessment and oxygenation targets and then escalate support 

stepwise, usually beginning with NIV and reserving intubation for infants who do not stabilise. This 

overall approach is well established. The difficult part is the key decisions: when to escalate and when 

to give surfactant. These decisions often must be made early, sometimes while the infant is still 

evolving clinically. A specific dilemma for neonatologists is the timing of surfactant administration 

[88]. That uncertainty is exactly where clinicians can feel stuck, either waiting too long, risking 

deterioration, or treating too early, risking overtreatment and potentially avoidable escalation steps. 

This is why LUS has gained so much attention in neonatal care. LUS scoring allows moving from 

"how much oxygen does the baby need?" to "what is happening in the lung right now?", which is 

closer to the clinical decision neonatologists are trying to make. 

Evidence supporting LUS score-guided respiratory decisions is growing. Semi-quantitative LUS 

scoring has been shown to correlate with oxygenation and to predict the need for surfactant in 

neonates supported with CPAP [65]. Predictive value has also been demonstrated in extremely 

preterm populations [139]. On top of that, implementation and quality improvement projects suggest 

that adding LUS scores into the decision process can improve the timeliness of surfactant therapy 

when used alongside conventional FiO2-based criteria [71]. Together, these studies support the 

concept that LUS scoring can refine decision-making, particularly around early treatment and 

escalation. 

However, there are still important evidence gaps that matter for real-world NICU practice. Much of 

the published evidence comes from selected cohorts, single-centre protocols or quality improvement 

interventions. Results may depend heavily on factors such as operator training, standardisation of 

scanning and reporting, local thresholds, and the specific case-mix in a given unit [48]. In addition, 

guideline evidence for delivery-room recommendations is more limited at the threshold of viability, 
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which increases uncertainty precisely among infants at highest risk and those in whom decisions are 

most time-sensitive [2]. Finally, while neonatal imaging literature suggests LUS scoring can be 

reliable across several indications and offers clear practical advantages over CXR, the key question 

for many centres is not only whether LUS works diagnostically, but whether implementing it as part 

of routine care actually leads to meaningful changes in respiratory management and short-term 

outcomes at the population level [134]. 

This is the rationale for the current work. By analysing outcomes before and after LUS 

implementation in a preterm NICU cohort, this retrospective study addresses a very practical 

question: when LUS moves from a promising tool in the literature for standardised use in an actual 

unit, does it measurably change respiratory management and short-term clinical outcomes in everyday 

practice? This evidence gap is directly relevant to neonatologists considering implementation, 

because it connects diagnostic performance with what ultimately matters in the NICU-treatment 

decisions, escalation patterns, and patient outcomes [134]. 

7. Methods 

The methodological framework follows the department´s established protocol and the analysis plan 

used by the research team in the associated ongoing publication project.  

7.1 Study Design and Population 

This retrospective cohort study was conducted in the Neonatal Department of Vilnius University 

Hospital Santaros Klinikos (VUHSK) after approval by the regional bioethics committee (KMP Nr. 

00007840). Clinical information was retrieved from electronic medical records, anonymised and 

organised into a structured dataset for analysis. 

The cohort comprised premature neonates born between 01. January 2021 and 30 June 2024, with a 

GA of 23 – 32 weeks, who were admitted to the NICU. Infants meeting the predefined exclusion 

criteria of early neonatal death were not included. To assess changes associated with the introduction 

of a standardised LUS approach, two time periods were defined: a pre-LUS era (before the LUS 

implementation) and a post-LUS era (after routine standardised LUS use). 

 

 

Figure 7. Protocol Timeline. 
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7.2 Lung Ultrasound Implementation and Protocol 

In the post-LUS era, LUS examinations were performed at the bedside by trained attending 

neonatologists using a hospital-approved standardised protocol. Documentation included the 

interpreted findings and a conclusion adapted to GA, clinical condition and the course of disease. 

Repeated examinations were carried out when clinically indicated. As part of quality assurance, 

examinations and documentation were reviewed in accordance with departmental practice, including 

an independent review by experienced neonatologists with ultrasound expertise [141]. 

7.3 Lung Ultrasound Scoring and Criteria for Surfactant Guidance 

In cases of severe RDS, a semi-quantitative LUS assessment was used to support surfactant decisions. 

Under the protocol, scoring was performed within the first hour after birth for all infants born at < 28 

weeks’ gestation, and for infants >29 weeks who had clinical signs of RDS and/or required >30% 

supplemental oxygen. Lung aeration was assessed in three regions per lung (anterior superior, anterior 

inferior and lateral). Each region was assigned a score of 0-3 according to the BRAT scoring system, 

based on ultrasound pattern and B-line appearance. A total LUS score ≥ 8 was considered indicative 

of severe RDS and supported the decision to administer surfactant [64]. 

7.4 Surfactant Policy Across Gestational Ages and Eras  

In the delivery room, surfactant was given prophylactically to infants ≤ 26 weeks’ gestation, based 

on departmental consensus. Infants >26 weeks´ gestation, surfactant administration was determined 

by combined clinical assessment in the pre-LUS era and by clinical assessment supplemented by LUS 

in the post-LUS era. In practice, treatment was indicated in infants with respiratory distress when 

FiO2 exceeded approximately 0.30-0.35 early in the course, or after LUS implementation when the 

LUS score was ≥ 8 [64]. 

7.5 Outcomes and Definitions 

Primary outcomes included the need for and duration of invasive and NRS, as well as surfactant use. 

To evaluate safety, common prematurity-related complications were compared between eras, 

including sepsis, IVH, BPD, and ROP. 

BPD was defined based on persistent need for supplemental oxygen and/or respiratory support at 28 

days of life, at 36 weeks postmenstrual age or at hospital discharge. Sepsis was defined according to 

institutional early- and late-onset protocols, based on clinical and/or laboratory evidence, with or 

without positive blood cultures. IVH was diagnosed using cranial ultrasound and graded using 

adapted Papile and Volpe classifications. ROP was diagnosed according to the International 

Classification of Retinopathy of Prematurity and the hospital screening protocol [64]. 
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7.6 Statistical Analysis 

All analyses were performed in R (version 4.4.2). Normality of continuous variables was assessed 

using the Shapiro-Wilk test. Normally distributed variables are reported ± standard deviation (SD) 

and compared using independent sample t-tests. Non-normally distributed variables are reported as 

median (IQR) and compared using the Mann-Whitney U test. Categorical variables are presented as 

counts and percentages and compared using x2 tests for Fisher´s exact test where appropriate. 

Regression methods were selected based on outcome type. Binary endpoints were analysed using 

logistic regression. Over-dispersed count outcomes were analysed with negative binomial regression. 

Right-skewed continuous variables were log-transformed and modelled using linear regression. 

Results are presented as odds ratios (OR), incidence rate ratios (IRR), or ß coefficients with 95% 

confidence intervals (CI) and p-values. 

Forest plots were created to visualise regression estimates. Receiver operating characteristic curve 

(ROC) analysis was applied to identify optimal cut-offs for continuous predictors (FiO2 and LUS) 

using Youden´s index, with analyses performed for the overall cohort and separately for the pre-LUS 

and post-LUS eras. Statistical significance was set at p < 0.05. 

8. Research results 

8.1 Baseline Characteristics 

The final cohort included 172 preterm neonates admitted to the NICU, with 84 infants in the pre-LUS 

period and 88 infants in the post-LUS period. Across the two eras, neonatal baseline characteristics 

were largely comparable, including sex distribution, birth weight, and GA. Differences were mainly 

seen on the maternal/pregnancy side: pregnancy complications were reported more frequently in the 

post-LUS era, and premature prelabour rupture of membranes (PPROM) was more common post-

LUS, whereas spontaneous preterm birth was more frequent pre-LUS. Baseline characteristics are 

presented in Table 2.  

Table 2. Baseline Characteristics: 

Characteristics    Pre-LUS   

n = 84 (49%) 

Post-LUS    

n = 88 (51%) 

p-value    

Neonatal     Sex female, n (%)  37 (44)  41 (47)  0.738 1  

Birth weight, g, mean 

(±SD)  

1422.80 

(±472.40)  

1481.14 

(±498.74)  

0.433 4  

Gestational age, weeks, 

median (IQR)  

30 (3)  31 (3.25)  0.111 2  

wGA ≥ 28, n (%)  65 (77)  70 (80)  0.730 1  

Latency period >18 hours, n 

(%)  

13 (16)  30 (36)  0.003 1  
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Congenital anomalies, n 

(%)  

5 (6)  12 (14)  0.091 3  

Antenatal steroids, n (%)  67 (80)  60 (71)  0.168 1  

Resuscitation after birth, n 

(%)  

10 (12)  13 (15)  0.581 1  

Maternal     Mothers age, years, mean 

(±SD)  

32.06 (±4.57)  32.25 (±5.22)  0.812 4  

Gravidity, median (IQR)  2 (1.25)  2 (2)  0.398 2  

Pregnancy complications, n 

(%)  

26 (31)  53 (61)  <0.0011  

Caesarian section, n (%)  51(61)  45 (53)  0.308 1  

Causes of PB  

PPROM, n (%)  20 (24)  31 (35)  0.040 1  

Spontaneous PB, n (%)  26 (31)  17 (19)  0.040 1  

Other, n (%)  38 (45)  40 (46)  1.0 1  

IQR – interquartile range; PB- preterm birth; PPROM – preterm premature rupture of membranes; pre-LUS – before 

lung ultrasound protocol adoption; post-LUS – after lung ultrasound protocol adoption; SD – standard 

deviation; wGA – weeks of gestational age; Statistical tests used: 1Pearson's Chi-squared test; 2Mann-Whitney U 

test; 3Fisher's Exact Test; 4Two Sample t-test.  

8.2 Respiratory Support Strategies 

Overall, the data suggest that respiratory support practice changed after the introduction of the LUS 

protocol (Table 3). Most importantly, the proportion of infants who were started on invasive MV 

dropped markedly after implementation: MV initiation decreased by 25% (p < 0.001). In contrast, 

starting non-invasive support with CPAP did not change significantly between eras. This finding 

appears counterintuitive, as fewer infants were intubated initially, but the time spent on respiratory 

support increased in the post-LUS era. Median MV duration increased from 72 hours to 132 hours (p 

= 0.002), and median CPAP duration increased from 31 hours to 48 hours (p = 0.007). 

Table 3. Comparison of respiratory support strategies before and after LUS 

protocol implementation.   

  Pre-LUS  Post-LUS  p-value  

CPAP initiated, n (%)  79 (94)  84 (96)  0.742  

CPAP duration, hours, 

median (IQR)  
31 (33)  48 (72)  0.007  

MV initiated, n (%)  30 (36)  9 (10)  <0.001  

MV duration, 

hours, median (IQR)  
72 (84)  132 (144)  0.002  

CPAP – continuous positive airway pressure; IQR – interquartile range; MV – mechanical ventilation; pre-LUS – 

before lung ultrasound protocol implementation; post-LUS – after lung ultrasound protocol implementation. 
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These differences persisted after accounting for GA. In the GA-adjusted model, infants in the post-

LUS era had much lower odds of MV after birth: LUS implementation was associated with an 85% 

reduction in MV odds (OR 0.15; 95% CI: 0.05-0.38, p < 0.001) compared to the pre-LUS era. GA 

was also strongly associated with MV requirement: each additional week was linked to lower MV 

odds (OR 0.63; 95% CI: 0.52-0.75, p < 0.001), corresponding to a 37% reduction per additional 

gestational week. Because duration outcomes were right-skewed, we analysed CPAP and MV 

duration using linear regression on log-transformed durations.  

For CPAP duration, being in the post-LUS era was associated with a 56.5% longer CPAP duration on 

average (B = 0.45; 95% CI: 0.14-0.75; p < 0.01), while GA was not associated with CPAP duration 

(B = -0.01; 95% CI: - 0.07-0.05; p = 0.793). For MV duration, post-LUS infants had an 84% longer 

MV duration on average compared with pre-LUS infants (B = 0.61; 95% CI: 0.22-0.99; p < 0.01). At 

the same time, each additional gestational week was associated with a 12.6% shorter MV duration (B 

= -0.13; 95% CI: -0.20-0.05; p < 0.01). 

Finally, we explored whether antenatal steroids affected MV or CPAP duration, but the linear 

regression showed no association. For this reason, antenatal steroids were not included in the 

multivariable logistic regression models. 

8.3 Surfactant Administration 

To assess whether surfactant practice changed after LUS was introduced, we compared surfactant 

administration between the pre-LUS and post-LUS eras (Table 3). Overall, there was no statistically 

significant difference in the frequency of surfactant administration between the two periods (p = 

0.374). Likewise, the method of surfactant instillation did not differ significantly between eras (p = 

0.108) (Table 4). Even so, across both time periods, the LISA technique was used more often than ET 

administration, which aligns with the general shift in neonatology toward less invasive approaches. 

Table 4. Comparison of surfactant administration and instillation techniques before and after 

LUS protocol implementation.    

  

Surfactant 

administration n (%)  

Pre-LUS  Post-LUS  p-value  

49 (59)  46 (52)  0.374  

Instillation technique  

0.108  
LISA, n (%)  27 (55)  33 (72)  

via ET, n (%)  21(43)  7 (15)  

Unspecified, n (%)  1 (2)  6 (13)  
ET – endotracheal tube; LISA – less invasive surfactant administration; pre-LUS – before lung ultrasound 

protocol implementation; post-LUS – after lung ultrasound protocol implementation.  

 

Because surfactant decisions are usually tied to oxygen requirement, we also evaluated how well FiO2 

predicts surfactant administration before vs after LUS implementation. We plotted Receiver operating 
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characteristic (ROC) curves and calculated areas under the curves (AUCs) to assess FiO2 performance 

(Figure 8, Table 5). After LUS implementation, FiO2 performed better as a predictor, showing higher 

specificity, accuracy (Table 5), and AUC than in the pre-LUS era. In the pre-LUS era specifically, an 

FiO2 cut-off of 0.325 had a negative predictive value (NPV) of 92%, meaning that infants needing 

<32.5% FiO2 were very unlikely to receive surfactant (Table 5).  

 

Figure 8. Receiver operating characteristic curves for FiO2 as a predictor of early surfactant 

administration before and after protocol implementation.  

AUC – area under the curve; CI – confidence interval; FiO2 – fraction of inspired oxygen; pre-LUS – before lung 

ultrasound protocol implementation; post-LUS – after lung ultrasound protocol implementation; ROC – receiver 

operating characteristics. 

ROC curves (Figure 8) showing how well FiO2 predicts early surfactant administration before and 

after LUS protocol implementation. In the pre-LUS era (red curve), FiO2 showed moderate 

discrimination (AUC 0.73; 95% CI 0.60-0.86), with an optimal cut-off of 0.325. In the post-LUS era 

(blue curve), FiO2 performed better overall, with an AUC of 0.84 (95% CI 0.73-0.95) and a higher 

cut-off of 0.375, suggesting improved predictive accuracy during the LUS protocol period. 

Table 5. Diagnostic performance of FiO2 as a predictor of surfactant administration in the pre-LUS 

and post-LUS eras. 
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Era  FiO2 Cut-off   Sensitivity 

(%)  

Specificity 

(%)  

PPV 

(%)  

NPV 

(%)  

AUC (95% CI)  

Pre-LUS  32.5%  64  83  43  92  0.73 (0.60 – 0.86)  

Post-LUS  37.5%  67  89  40  96  0.84 (0.73 – 0.95)  
AUC – Area Under the Curve; CI – Confidence Interval; FiO₂ – Fraction of Inspired Oxygen; NPV – Negative 

Predictive Value; PPV – Positive Predictive Value; pre-LUS – before lung ultrasound protocol implementation; 

post-LUS- after lung ultrasound protocol implementation.  

 

Next, within the post-LUS era, we used logistic regression to test whether LUS findings add 

predictive value beyond an FiO2 threshold, while also controlling for GA (Figure 9). In this model, 

LUS remained a statistically significant positive predictor of surfactant administration even after 

adjustment for FiO2 (>37.5%) and wGA. Quantitatively, each 1-point increase in LUS was associated 

with about a 40% increase in the odds of receiving surfactant. In contrast, each additional week of 

GA was associated with a 36% reduction in the odds of early surfactant administration. Although 

FiO2 ≥ 0.375 tended to increase the estimated odds of surfactant use, this did not reach statistical 

significance, and the confidence interval was wide. Overall, this analysis supports LUS as a stronger 

independent predictor of surfactant instillation than FiO2 alone. 

Logistic regression model (post-LUS era) assessing predictors of surfactant administration, as shown 

in Figure 9. In this model, the LUS severity score was the strongest independent predictor: each 1-

point increase in LUS score was associated with higher odds of receiving surfactant (OR 1.4; 95% CI 

1.2-1.8; p < 0.001). GA showed the opposite effect: more mature infants were less likely to receive 

surfactant (OR 0.51; 95% CI 0.32-0.71; p < 0.001). In contrast, using FiO2 ≥ 37.5% as a binary 

threshold did not predict surfactant use in this adjusted model (OR 0.52; 95% CI 0.052-6.4; p = 

0.587), and the confidence interval was wide. 
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Figure 9. Post-LUS logistic regression for predicting early surfactant (<3 hours) use based on LUS 

and FiO2, cutoff of 0.3: CI – confidence interval; FiO2 – fraction of inspired oxygen; LUS score – 

lung ultrasound score; OR – odds ratio.  

Finally, we sought a practical LUS score cut-off to predict surfactant administration. A threshold of 

7.5 performed well overall, with 64% sensitivity, 94% specificity, 94% PPV, and 64% NPV. Overall 

discrimination was good, with an AUC of 0.83 (95% CI 0.69-0.96). In our cohort, 62% of infants had 

an LUS score < 7.5, and 38% had an LUS score ≥ 7.5, and this split remained similar when comparing 

the 7.5 versus 8.0 cut-offs. 

8.4 Adverse Neonatal Outcomes 

To assess safety after introducing the LUS protocol, we compared the frequency of common 

prematurity-related complications between the pre-LUS and post-LUS eras: IVH, ROP, BPD, and 

sepsis (Table 6). Across all four outcomes, none of the differences between eras reached statistical 

significance. In other words, within this cohort, introducing LUS into routine practice was not 

associated with higher rates of adverse neonatal outcomes, suggesting that the protocol 

implementation did not appear to cause measurable clinical harm. 

Table 6. Comparison of common prematurity-related factors before and after the standardised 

implementation of LUS.  

Complications  Pre-LUS  Post-LUS  p-value  

IVH, n (%)  25 (30)  26 (30)  0.975  

ROP, n (%)  24(29)  22(25)  0.564  

BPD, n (%)  7(8)  11(13)  0.387  

Sepsis, n (%)  7(8)  12 (14)  0.267  
BPD – bronchopulmonary dysplasia; IVH –  intraventricular haemorrhage; pre-LUS – before lung ultrasound 

protocol implementation; post-LUS – after lung ultrasound protocol implementation; ROP – retinopathy of 

prematurity.   

9. Discussion 

9.1 Interpretation of the Main Respiratory Findings 

Following the implementation of the LUS protocol, the initial respiratory support decisions in this 

NICU changed significantly: the number of infants intubated and placed on MV decreased, while 

CPAP use remained largely unchanged.  This trend supports the neonatology goal of keeping infants 

on non-invasive support whenever possible and reducing ventilator-associated lung injuries. This 

decrease in MV remained even after accounting for GA. Overall, it emphasises the importance of 

minimising invasive support to prevent lung injuries in newborns. The persistent reduction in MV 

after accounting for GA is significant because GA is usually the strongest predictor of a preterm 

infant's need for respiratory support. Even with GA included in the analysis, the post-implementation 
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period was independently linked to lower MV use, while GA behaved as expected. The finding that 

MV was initiated less often, yet MV and CPAP durations were longer, requires nuanced interpretation. 

One straightforward explanation is a "case selection" effect: if fewer borderline infants are intubated 

early, the smaller group that still ends up ventilated may simply represent the sicker infants, and 

longer ventilation in that subgroup would be expected. A similar logic applies to CPAP. Keeping more 

infants non-invasively supported can also mean CPAP is continued for longer as part of a cautious 

step-down strategy rather than indicating worse disease.  

This is also in line with how bedside POCUS is described in the NICU: as an extension of clinical 

assessment that supports repeated reassessment and more structured decisions when respiratory status 

changes quickly [48]. 

The duration regression models provide additional context. Post-implementation status was 

associated with longer CPAP duration on the log scale (B = 0.45; p < 0.01), whereas GA was not (p 

= 0.793). For MV duration, post-implementation status was associated with longer MV duration (B 

= 0.61; p < 0.01), while each additional gestational week was associated with shorter MV duration (ß 

= -0.13; p < 0.01). These patterns suggest that CPAP duration may be influenced more by unit practice 

and weaning behaviour than by GA alone, whereas MV duration retains a stronger relationship with 

maturity. 

Antenatal steroids were not associated with MV or CPAP duration in the linear regression models and 

were therefore not included in the multivariable logistic models. This finding should be interpreted 

cautiously, as no association was detected in this dataset, rather than as evidence against the known 

respiratory benefits of antenatal steroids described in neonatal literature [25]. 

9.2 Confounding Considerations 

A critical limitation of a pre/post-implementation design is that baseline differences across eras can 

influence outcomes independently of the protocol. In this cohort, neonatal baseline variables were 

broadly similar, but several maternal/pregnancy characteristics differed between eras (for example, 

pregnancy complications were more frequent post-implementation, and PPROM and latency were 

higher). These differences may affect early respiratory course and oxygen requirement through 

mechanisms beyond pure surfactant deficiency, such as inflammatory exposure or infection risk, 

which could partly contribute to longer respiratory support duration even if MV initiation decreases 

[88]. For this reason, the most defensible interpretation is that LUS protocol implementation was 

associated with a change in management patterns; it cannot fully establish causality without a 

prospective design or more extensive confounder adjustment. 
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9.3 Surfactant Administration and Decision Metrics 

Surfactant exposure and instillation technique distribution did not differ significantly between eras. 

This is clinically relevant because the aim of LUS protocol implementation is not necessarily to 

change total surfactant exposure, but to improve confidence in targeting and timing in infants where 

conventional markers are imperfect. Current European guidance still relies on FiO2 thresholds on 

CPAP as pragmatic triggers for early rescue surfactant and recognises that bedside tools may refine 

decision-making in practice [88]. 

The ROC analysis adds nuance to the FiO2-based approach. In the pre-implementation era, FiO2 

showed moderate discrimination for early surfactant administration (AUC 0.73; cut-off 0.325), and 

the cut-off had a high negative predictive value (NPV 92%), suggesting that low oxygen requirement 

performed well as a rule-out marker. In the post-implementation era, FiO2 showed better overall 

discrimination (AUC 0.84; cut-off 0.375). This improvement may reflect more standardised 

respiratory assessment and documentation after LUS protocol implementation, but it also highlights 

that FiO2 remains an indirect surrogate and may be influenced by recruitment, interface effectiveness, 

and mixed pathology in very preterm infants [130]. 

From a clinical decision-making perspective, AUC values are helpful but do not directly answer the 

bedside question "what happens if this threshold is used?" The key message from the FiO2 cut-offs in 

this cohort is that the negative predictive value was high, supporting FiO2 as a useful rule-out marker, 

whereas the positive predictive value remained lower, suggesting that an FiO2 threshold alone is less 

reliable as a stand-alone rule-in tool. This is consistent with the broader literature showing that 

surfactant decision thresholds vary across settings and that FiO2 alone cannot fully capture the 

heterogeneity of respiratory failure in very preterm infants on CPAP [130]. 

The post-implementation regression model supports an additional role for LUS scoring. After 

adjusting for GA and a binary FiO2 threshold (≥37.5%), the LUS score remained an independent 

predictor of surfactant administration, whereas the binary FiO2 threshold was not significant and had 

wide confidence intervals. This pattern supports the interpretation that the LUS score captures 

clinically relevant information about aeration severity that is not fully represented by oxygen 

requirement alone. Evidence from prior studies indicates that semi-quantitative LUS scoring 

correlates with oxygenation and predicts the need for surfactant in CPAP-treated neonates, including 

extremely preterm infants [65,139]. 

The practical cut-off analysis provides a clinically usable interpretation of the score. A threshold of 

7.5 yielded a rule-in profile with high specificity and PPV (both 94%) and good overall discrimination 

(AUC 0.83). The cohort's score distribution (62% < 7.5 and 38% ≥ 7.5) suggests that a minority of 

infants would be classified as high risk using this threshold, which is plausible in a NICU population 
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where surfactant use is common. The close alignment with previously described thresholds around 8 

supports the conclusion that the identified cut-off lies within the expected range of prior protocols 

[139]. 

9.4 Comparison with Implementation Literature 

The findings are consistent with implementation-focused work, such as the ESTHER quality 

improvement project, in which surfactant was administered when either FiO2 crossed a local threshold 

or the LUS score exceeded a cut-off, whichever occurred first, with the explicit aim of improving 

timeliness rather than increasing overall surfactant exposure [71].  

The present cohort showed stable overall surfactant rates but stronger structure in surfactant decision 

metrics during the post-implementation era, supporting a similar interpretation: LUS scoring may 

enable earlier, more confident identification of infants likely to benefit from surfactant without 

necessarily increasing total surfactant exposure. 

9.5 Imaging Context and Workflow Relevance 

Beyond surfactant decision-making, LUS fits neonatal workflows because it can be repeated at the 

bedside without ionising radiation. Radiation burden is a relevant concern in very preterm infants 

who may undergo repeated chest radiographs during prolonged NICU admissions [131].  Evidence 

from the neonatal imaging literature suggests that LUS and CXR are similarly reliable across several 

neonatal indications, while ultrasound offers practical advantages, such as portability and the ability 

to perform serial reassessment without radiation [134]. LUS is operator-dependent, and safe, 

consistent clinical use requires training, standardised scanning, unified documentation, and quality 

assurance [48]. 

9.6 Safety Outcomes 

A key concern in implementation studies is whether a new diagnostic pathway leads to unintended 

harm through delayed escalation, misclassification, or inconsistent treatment. In this cohort, rates of 

IVH, ROP, BPD, and sepsis did not differ significantly between eras. While lack of statistical 

significance does not prove equivalence, these findings are reassuring and do not suggest that routine 

LUS protocol implementation was associated with increased prematurity-related complications 

during the study period. 

It is also important to interpret these safety findings with appropriate caution. Several of these 

complications are multifactorial and influenced by GA, infection/inflammation, haemodynamic 

stability, and broader NICU practices, so small differences may not be detectable in a single-centre 

cohort. Therefore, the safest conclusion is that no increase was detected in this dataset, while larger 

prospective studies would be needed to confirm equivalence and explore longer-term outcomes [59]. 
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9.7 Strengths 

A major strength of this study is that it is the first study in Lithuania to evaluate the implementation 

of a standardised LUS protocol into routine neonatal clinical practice. In addition, LUS was not tested 

as a "research add-on“ but was introduced as part of routine care in a tertiary-level NICU. This makes 

the findings more representative of real clinical practice. After the protocol was implemented, all 

neonatologists in the department received LUS training, and documentation was standardised, likely 

improving consistency and reducing variation in how findings were recorded.  

The cohort included 172 preterm neonates, which is a realistic sample size for a single tertiary centre. 

Even though the total sample size was limited by the centre's capacity, the G*Power calculations 

indicated that the main statistical tests had high power (>95%), supporting the analyses' adequacy for 

the study's primary comparisons. In addition, LUS was performed using a validated scoring approach, 

and the use of structured electronic medical records enabled us to comprehensively evaluate not only 

respiratory but also safety outcomes. 

9.8 Limitations 

At the same time, there are important limitations. First, this was a retrospective analysis, meaning we 

had limited control over how LUS images were acquired and interpreted at the bedside at the time, 

and we depended on documentation quality. Some cases were also excluded because the medical 

records were incomplete, which introduces a risk of selection bias.  

Second, this study was conducted in a single NICU in Lithuania, so the results may not be generalised 

to other hospitals with different patient populations, staffing structures, respiratory management 

strategies, or LUS experience.  

Finally, the sample size was inherently limited by the number of very preterm births in the centre: the 

perinatology centre accounts for roughly 10-11% of ~3000 annual deliveries, which is why an 

observational period of about 1.5 years was needed to reach the final cohort. While the sample size 

appeared sufficient for the primary analyses, the next step would be larger multicentre prospective 

studies to confirm whether these practice changes and outcomes are reproducible across different 

NICUs [141]. 

10. Conclusion 

Surfactant administration did not change significantly after the introduction of the LUS protocol. The 

proportion of infants receiving surfactant was comparable between eras (59% pre-LU vs 52% post-

LUS; p = 0.374), and the distribution of instillation techniques also showed no statistically significant 

shift (p = 0.108), although LISA was the most used approach in both periods. In the implementation 
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era, decision metrics improved: FiO2 showed better predictive performance for early surfactant 

administration after LUS implementation (AUC 0.84 vs 0.73), and within the post-LUS cohort the 

LUS score was an independent predictor of surfactant administration (OR 1.4 per point; 95% CI 1.2-

1.8; p < 0.001), whereas the binary FiO2 threshold (≥37.5%) was not significant in the adjusted model 

(p = 0.587). A practical LUS cut-off of 7.5 demonstrated high specificity and PPV (both 94%) with 

an AUC of 0.83, supporting its usefulness as a "rule-in" threshold for identifying infants likely to 

require surfactant. 

Implementation of the LUS protocol was associated with a substantial reduction in initiation of MV 

after birth. MV initiation decreased from 36% in the pre-LUS era to 10% post-LUS (p < 0.001), while 

CPAP initiation remained high and statistically unchanged (94% vs 96%; p = 0.742). After adjustment 

for GA, the post-LUS era remained strongly associated with lower odds of MV after birth (OR 0.15; 

95% CI 0.05-0.38; p < 0.001), and increasing GA was also associated with reduced MV odds (OR 

0.63 per week; p < 0.001). Although fewer infants were ventilated invasively, the duration of both 

MV and CPAP was longer in the post-LUS era, suggesting that respiratory support strategies may 

have shifted toward more individualised and cautious management over time rather than simply 

becoming less intensive. 

No statistically significant differences were found in rates of IVH, ROP, BPD, or sepsis between the 

pre-LUS and post-LUS eras. Within the limitations of a retrospective single-centre design, these 

findings are reassuring and support that routine LUS implementation in this NICU was not associated 

with a detectable increase in common prematurity-related complications during the study period. 

In this tertiary NICU cohort, routine implementation of a standardised LUS protocol was associated 

with a measurable shift in respiratory management – most notably MV – while maintaining stable 

surfactant use rates and without evidence of increased short-term complications. LUS scoring also 

provided clinically relevant information for surfactant decision-making during the implementation 

era. 

11. Practical Recommendations 

1. Maintain LUS as a standard bedside assessment tool in preterm respiratory care. Given the 

association with reduced MV initiation and the absence of a signal toward increased short-

term complications, routine LUS use appears suitable for continued integration into daily 

NICU practice in this setting. 

2. Prioritise training and standardised documentation during implementation. Because LUS is 

operator-dependent, consistent benefit requires structured training, supervision, and unified 
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documentation. Ongoing competency maintenance (refresher training and internal review of 

scans) should be prioritised to preserve reproducibility. 

3. Use LUS scoring as an adjunct to clinical assessment and FiO2 trends when surfactant 

decisions are uncertain. In the post-LUS cohort, LUS was a stronger independent predictor of 

surfactant administration than a binary FiO2 threshold. In practice, this supports combining 

LUS scoring with clinical assessment rather than relying solely on oxygen requirements, 

particularly in borderline cases on CPAP/NIV. 

4. If a local cut-off is used, a LUS threshold around 7.5-8 can be considered as a "rule-in" 

indicator. A LUS cut-off of 7.5 showed high specificity and PPV in this cohort, which is 

clinically useful when the aim is to avoid missing infants likely to require surfactant. Any cut-

off should still be applied within the full clinical context and aligned with unit workflow. 

5. Future research should confirm generalisability in prospective and multi-centre settings. To 

better separate implementation effects from changes in case-mix and practice over time, future 

studies should ideally be prospective and multi-centre. Priority endpoints include MV 

initiation and duration, surfactant timing (not only frequency), and clinically meaningful 

outcomes such as BPD severity and longer-term respiratory follow-up. 

12. List of references 

[1] Tana M, Tirone C, Aurilia C, Lio A, Paladini A, Fattore S, et al. Respiratory Management of the 

Preterm Infant: Supporting Evidence-Based Practice at the Bedside. Children (Basel) 

2023;10:535. https://doi.org/10.3390/children10030535. 

[2] Hogeveen M, Monnelly V, Binkhorst M, Cusack J, Fawke J, Roehr CC, et al. European 

Resuscitation Council Guidelines 2025: Newborn resuscitation and support of transition of 

infants at birth. Resuscitation 2025:1–43. 

https://doi.org/https://doi.org/10.1016/j.resuscitation.2025.110766. 

[3] Polin RA, Carlo WA, Committee on Fetus and Newborn, American Academy of Pediatrics. 

Surfactant replacement therapy for preterm and term neonates with respiratory distress. 

Pediatrics 2014;133:156–63. https://doi.org/10.1542/peds.2013-3443. 

[4] Liu J, Inchingolo R, Suryawanshi P, Guo B-B, Kurepa D, Cortés RG, et al. Guidelines for the 

use of lung ultrasound to optimise the management of neonatal respiratory distress: international 

expert consensus. BMC Medicine 2025;23:114. https://doi.org/10.1186/s12916-025-03879-5. 

[5] Jain D, Bancalari E. New Developments in Respiratory Support for Preterm Infants. Am J 

Perinatol 2019;36:S13–7. https://doi.org/10.1055/s-0039-1691817. 

[6] Solberg MT, Solevåg AL, Clarke S. Optimal Conventional Mechanical Ventilation in Full-Term 

Newborns: A Systematic Review. Adv Neonatal Care 2018;18:451–61. 

https://doi.org/10.1097/ANC.0000000000000525. 

[7] Liu G, Wu H, Li Z. Current views of complications associated with neonatal ventilation. 

Minerva Pediatr 2020;72:60–4. https://doi.org/10.23736/S0026-4946.18.04822-3. 

[8] Cernada M, Brugada M, Golombek S, Vento M. Ventilator-associated pneumonia in neonatal 

patients: an update. Neonatology 2014;105:98–107. https://doi.org/10.1159/000355539. 

[9] Wheeler CR, Smallwood CD. 2019 Year in Review: Neonatal Respiratory Support. Respir Care 

2020;65:693–704. https://doi.org/10.4187/respcare.07720. 



 45 

[10] Kurepa D, Zaghloul N, Watkins L, Liu J. Neonatal lung ultrasound exam guidelines. J Perinatol 

2018;38:11–22. https://doi.org/10.1038/jp.2017.140. 

[11] Corsini I, Parri N, Gozzini E, Coviello C, Leonardi V, Poggi C, et al. Lung Ultrasound for the 

Differential Diagnosis of Respiratory Distress in Neonates. Neonatology 2019;115:77–84. 

https://doi.org/10.1159/000493001. 

[12] Liu J, Guo G, Kurepa D, Volpicelli G, Sorantin E, Lovrenski J, et al. Specification and guideline 

for technical aspects and scanning parameter settings of neonatal lung ultrasound examination. 

J Matern Fetal Neonatal Med 2022;35:1003–16. 

https://doi.org/10.1080/14767058.2021.1940943. 

[13] Liu J, Cao H-Y, Wang X-L, Xiao L-J. The significance and the necessity of routinely performing 

lung ultrasound in the neonatal intensive care units. J Matern Fetal Neonatal Med 

2016;29:4025–30. https://doi.org/10.3109/14767058.2016.1152577. 

[14] Loi B, Vigo G, Baraldi E, Raimondi F, Carnielli VP, Mosca F, et al. Lung Ultrasound to Monitor 

Extremely Preterm Infants and Predict Bronchopulmonary Dysplasia. A Multicenter 

Longitudinal Cohort Study. Am J Respir Crit Care Med 2021;203:1398–409. 

https://doi.org/10.1164/rccm.202008-3131OC. 

[15] Gizzi C, Moretti C, Agostino R. Weaning from mechanical ventilation. J Matern Fetal Neonatal 

Med 2011;24 Suppl 1:61–3. https://doi.org/10.3109/14767058.2011.607683. 

[16] Shepherd EG, De Luca D. New Imaging Tools Allow Bronchopulmonary Dysplasia to Enter the 

Age of Precision Medicine. Am J Respir Crit Care Med 2020;202:924–6. 

https://doi.org/10.1164/rccm.202005-2067ED. 

[17] Preterm birth n.d. https://www.who.int/news-room/fact-sheets/detail/preterm-birth (accessed 

April 7, 2026). 

[18] Quinn J-A, Munoz FM, Gonik B, Frau L, Cutland C, Mallett-Moore T, et al. Preterm birth: Case 

definition & guidelines for data collection, analysis, and presentation of immunisation safety 

data. Vaccine 2016;34:6047–56. https://doi.org/10.1016/j.vaccine.2016.03.045. 

[19] Avery ME, Mead J. Surface properties in relation to atelectasis and hyaline membrane disease. 

AMA J Dis Child 1959;97:517–23. https://doi.org/10.1001/archpedi.1959.02070010519001. 

[20] Hallman M, Kulovich M, Kirkpatrick E, Sugarman RG, Gluck L. Phosphatidylinositol and 

phosphatidylglycerol in amniotic fluid: indices of lung maturity. Am J Obstet Gynecol 

1976;125:613–7. https://doi.org/10.1016/0002-9378(76)90782-1. 

[21] Liggins GC, Howie RN. A controlled trial of antepartum glucocorticoid treatment for prevention 

of the respiratory distress syndrome in premature infants. Pediatrics 1972;50:515–25. 

[22] Corsini I, Parri N, Ficial B, Dani C. Lung ultrasound in the neonatal intensive care unit: Review 

of the literature and future perspectives. Pediatric Pulmonology 2020;55:1550–62. 

https://doi.org/10.1002/ppul.24792. 

[23] Schittny JC. Development of the lung. Cell Tissue Res 2017;367:427–44. 

https://doi.org/10.1007/s00441-016-2545-0. 

[24] Whitsett JA, Matsuzaki Y. Transcriptional regulation of perinatal lung maturation. Pediatr Clin 

North Am 2006;53:873–87, viii. https://doi.org/10.1016/j.pcl.2006.08.009. 

[25] Martin RJ, Fanaroff AA, Walsh MC, editors. Fanaroff and Martin’s Neonatal-perinatal medicine: 

diseases of the fetus and infant. 11th edition. Philadelphia, PA: Elsevier; 2020. 

[26] Swarr DT, Morrisey EE. Lung endoderm morphogenesis: gasping for form and function. Annu 

Rev Cell Dev Biol 2015;31:553–73. https://doi.org/10.1146/annurev-cellbio-100814-125249. 

[27] Bartman CM, Matveyenko A, Prakash YS. It’s about time: clocks in the developing lung. Journal 

of Clinical Investigation 2020;130:39–50. https://doi.org/10.1172/JCI130143. 

[28] Zeltner TB, Burri PH. The postnatal development and growth of the human lung. II. 

Morphology. Respir Physiol 1987;67:269–82. https://doi.org/10.1016/0034-5687(87)90058-2. 

[29] Whitsett JA, Wert SE, Weaver TE. Diseases of pulmonary surfactant homeostasis. Annu Rev 

Pathol 2015;10:371–93. https://doi.org/10.1146/annurev-pathol-012513-104644. 

[30] Langston C, Kida K, Reed M, Thurlbeck WM. Human lung growth in late gestation and in the 

neonate. Am Rev Respir Dis 1984;129:607–13. 



 46 

[31] Carlo WA, McDonald SA, Fanaroff AA, Vohr BR, Stoll BJ, Ehrenkranz RA, et al. Association 

of antenatal corticosteroids with mortality and neurodevelopmental outcomes among infants 

born at 22 to 25 weeks’ gestation. JAMA 2011;306:2348–58. 

https://doi.org/10.1001/jama.2011.1752. 

[32] Xin H, Wang L, Hao W, Hu H, Li H, Liu B. Lung Ultrasound in the Evaluation of Neonatal 

Respiratory Distress Syndrome. J Ultrasound Med 2023;42:713–21. 

https://doi.org/10.1002/jum.16097. 

[33] Liu J, Wang Y, Fu W, Yang C-S, Huang J-J. Diagnosis of neonatal transient tachypnea and its 

differentiation from respiratory distress syndrome using lung ultrasound. Medicine (Baltimore) 

2014;93:e197. https://doi.org/10.1097/MD.0000000000000197. 

[34] Blank DA, Kamlin COF, Rogerson SR, Fox LM, Lorenz L, Kane SC, et al. Lung ultrasound 

immediately after birth to describe normal neonatal transition: an observational study. Arch Dis 

Child Fetal Neonatal Ed 2018;103:F157–62. https://doi.org/10.1136/archdischild-2017-312818. 

[35] Narayanan M, Owers-Bradley J, Beardsmore CS, Mada M, Ball I, Garipov R, et al. 

Alveolarization continues during childhood and adolescence: new evidence from helium-3 

magnetic resonance. Am J Respir Crit Care Med 2012;185:186–91. 

https://doi.org/10.1164/rccm.201107-1348OC. 

[36] Coalson JJ, Winter VT, Siler-Khodr T, Yoder BA. Neonatal chronic lung disease in extremely 

immature baboons. Am J Respir Crit Care Med 1999;160:1333–46. 

https://doi.org/10.1164/ajrccm.160.4.9810071. 

[37] Bland RD, Ertsey R, Mokres LM, Xu L, Jacobson BE, Jiang S, et al. Mechanical ventilation 

uncouples synthesis and assembly of elastin and increases apoptosis in lungs of newborn mice. 

Prelude to defective alveolar septation during lung development? Am J Physiol Lung Cell Mol 

Physiol 2008;294:L3-14. https://doi.org/10.1152/ajplung.00362.2007. 

[38] Baraldi E, Filippone M. Chronic lung disease after premature birth. N Engl J Med 

2007;357:1946–55. https://doi.org/10.1056/NEJMra067279. 

[39] Murphy J, Summer R, Wilson AA, Kotton DN, Fine A. The prolonged life-span of alveolar 

macrophages. Am J Respir Cell Mol Biol 2008;38:380–5. https://doi.org/10.1165/rcmb.2007-

0224RC. 

[40] Lines A, Hooper SB, Harding R. Lung liquid production rates and volumes do not decrease 

before labor in healthy fetal sheep. J Appl Physiol (1985) 1997;82:927–32. 

https://doi.org/10.1152/jappl.1997.82.3.927. 

[41] O’Brodovich H, Yang P, Gandhi S, Otulakowski G. Amiloride-insensitive Na+ and fluid 

absorption in the mammalian distal lung. Am J Physiol Lung Cell Mol Physiol 2008;294:L401-

408. https://doi.org/10.1152/ajplung.00431.2007. 

[42] Raimondi F, Migliaro F, Sodano A, Umbaldo A, Romano A, Vallone G, et al. Can neonatal lung 

ultrasound monitor fluid clearance and predict the need of respiratory support? Crit Care 

2012;16:R220. https://doi.org/10.1186/cc11865. 

[43] Whitsett JA, Weaver TE. Hydrophobic surfactant proteins in lung function and disease. N Engl 

J Med 2002;347:2141–8. https://doi.org/10.1056/NEJMra022387. 

[44] Mulrooney N, Champion Z, Moss TJM, Nitsos I, Ikegami M, Jobe AH. Surfactant and 

physiologic responses of preterm lambs to continuous positive airway pressure. Am J Respir 

Crit Care Med 2005;171:488–93. https://doi.org/10.1164/rccm.200406-774OC. 

[45] Enhorning G, Duffy LC, Welliver RC. Pulmonary surfactant maintains patency of conducting 

airways in the rat. Am J Respir Crit Care Med 1995;151:554–6. 

https://doi.org/10.1164/ajrccm.151.2.7842219. 

[46] Raimondi F, Yousef N, Migliaro F, Capasso L, De Luca D. Point-of-care lung ultrasound in 

neonatology: classification into descriptive and functional applications. Pediatr Res 

2021;90:524–31. https://doi.org/10.1038/s41390-018-0114-9. 

[47] Alonso-Ojembarrena A, Ehrhardt H, Cetinkaya M, Lavizzari A, Szczapa T, Sartorius V, et al. 

Use of neonatal lung ultrasound in European neonatal units: a survey by the European Society 



 47 

of Paediatric Research. Arch Dis Child Fetal Neonatal Ed 2024;109:660–4. 

https://doi.org/10.1136/archdischild-2024-327068. 

[48] Fraga MV, Stewart et al., Coley BD, Annam A. Use of Point-of-Care Ultrasonography in the 

NICU for Diagnostic and Procedural Purposes n.d. 

[49] Kendall JL, Hoffenberg SR, Smith RS. History of emergency and critical care ultrasound: the 

evolution of a new imaging paradigm. Crit Care Med 2007;35:S126-130. 

https://doi.org/10.1097/01.CCM.0000260623.38982.83. 

[50] Abu-Zidan F. Point-of-care ultrasound in critically ill patients: Where do we stand? J Emerg 

Trauma Shock 2012;5:70. https://doi.org/10.4103/0974-2700.93120. 

[51] Gillman LM, Kirkpatrick AW. Portable bedside ultrasound: the visual stethoscope of the 21st 

century. Scand J Trauma Resusc Emerg Med 2012;20:18. https://doi.org/10.1186/1757-7241-

20-18. 

[52] Osborne AD, Corder W, Stoller JZ, Lawrence K, Carr CB, Fraga MV, et al. Technical 

considerations and applications of point-of-care ultrasound in the NICU. Semin Perinatol 

2026;50:152190. https://doi.org/10.1016/j.semperi.2025.152190. 

[53] Elsayed YN, Hinton M, Graham R, Dakshinamurti S. Lung ultrasound predicts histological lung 

injury in a neonatal model of acute respiratory distress syndrome. Pediatr Pulmonol 

2020;55:2913–23. https://doi.org/10.1002/ppul.24993. 

[54] Singh Y, Dauengauer-Kirliene S, Yousef N. Setting the Standards: Neonatal Lung Ultrasound in 

Clinical Practice. Diagnostics 2024;14:1413. https://doi.org/10.3390/diagnostics14131413. 

[55] Szabo TL, Lewin PA. Ultrasound transducer selection in clinical imaging practice. J Ultrasound 

Med 2013;32:573–82. https://doi.org/10.7863/jum.2013.32.4.573. 

[56] Singh Y, Dauengauer-Kirliene S, Yousef N. Setting the Standards: Neonatal Lung Ultrasound in 

Clinical Practice. Diagnostics 2024;14:1413. https://doi.org/10.3390/diagnostics14131413. 

[57] Lichtenstein DA. Whole Body Ultrasonography in the Critically Ill. Berlin, Heidelberg: Springer 

Berlin Heidelberg; 2010. https://doi.org/10.1007/978-3-642-05328-3. 

[58] Gargani L, Volpicelli G. How I do it: lung ultrasound. Cardiovasc Ultrasound 2014;12:25. 

https://doi.org/10.1186/1476-7120-12-25. 

[59] Liu J, Copetti R, Sorantin E, Lovrenski J, Rodriguez-Fanjul J, Kurepa D, et al. Protocol and 

Guidelines for Point-of-Care Lung Ultrasound in Diagnosing Neonatal Pulmonary Diseases 

Based on International Expert Consensus. J Vis Exp 2019. https://doi.org/10.3791/58990. 

[60] Elsayed YN. Lung Ultrasound as a New Technique for Diagnosis of Neonatal Respiratory 

Diseases. Neonatal Netw 2018;37:224–32. https://doi.org/10.1891/0730-0832.37.4.224. 

[61] Louis D, Belen K, Farooqui M, Idiong N, Amer R, Hussain A, et al. Prone versus Supine Position 

for Lung Ultrasound in Neonates with Respiratory Distress. Am J Perinatol 2021;38:176–81. 

https://doi.org/10.1055/s-0039-1695776. 

[62] Gomond-Le Goff C, Vivalda L, Foligno S, Loi B, Yousef N, De Luca D. Effect of Different 

Probes and Expertise on the Interpretation Reliability of Point-of-Care Lung Ultrasound. Chest 

2020;157:924–31. https://doi.org/10.1016/j.chest.2019.11.013. 

[63] Prada G, Vieillard-Baron A, Martin AK, Hernandez A, Mookadam F, Ramakrishna H, et al. 

Tracheal, Lung, and Diaphragmatic Applications of M-Mode Ultrasonography in 

Anesthesiology and Critical Care. Journal of Cardiothoracic and Vascular Anesthesia 

2021;35:310–22. https://doi.org/10.1053/j.jvca.2019.11.051. 

[64] Dauengauer-Kirlienė S, Pilypienė I. NAUJAGIMIY PLAUČIȚ ULTRAGARSO TYRIMAS 

2023. 

[65] Brat R, Yousef N, Klifa R. Lung Ultrasonography Score to Evaluate Oxygenation and Surfactant 

Need in Neonates Treated With Continuous Positive Airway Pressure. JAMA Pediatr Published 

Online 2015. 

[66] Liu RB, Donroe JH, McNamara RL, Forman HP, Moore CL. The Practice and Implications of 

Finding Fluid During Point-of-Care Ultrasonography: A Review. JAMA Intern Med 

2017;177:1818. https://doi.org/10.1001/jamainternmed.2017.5048. 



 48 

[67] Picano E, Pellikka PA. Ultrasound of extravascular lung water: a new standard for pulmonary 

congestion. Eur Heart J 2016;37:2097–104. https://doi.org/10.1093/eurheartj/ehw164. 

[68] Hoshino Y, Futatani T, Kitamura S, Sato T, Maruo K, Yukitake Y, et al. Lung ultrasound for 

predicting surfactant administration in ventilated and non-ventilated infants with respiratory 

distress syndrome: a multicenter prospective study. Eur J Pediatr 2025;184:742. 

https://doi.org/10.1007/s00431-025-06580-0. 

[69] De Luca D, Foti A, Alonso-Ojembarrena A, Condò V, Capasso L, Raschetti R, et al. Lung 

Consolidation Depth and Gas Exchange in Different Types of Neonatal Respiratory Failure: The 

UNION Multicenter Study. Chest 2024;165:1431–4. 

https://doi.org/10.1016/j.chest.2024.02.012. 

[70] Corsini I, Rodriguez-Fanjul J, Raimondi F, Boni L, Berardi A, Aldecoa-Bilbao V, et al. Lung 

UltrasouNd Guided surfactant therapy in preterm infants: an international multicenter 

randomized control trial (LUNG study). Trials 2023;24:706. https://doi.org/10.1186/s13063-

023-07745-8. 

[71] Raschetti R, Yousef N, Vigo G, Marseglia G, Centorrino R, Ben-Ammar R, et al. Echography-

Guided Surfactant Therapy to Improve Timeliness of Surfactant Replacement: A Quality 

Improvement Project. The Journal of Pediatrics 2019;212:137-143.e1. 

https://doi.org/10.1016/j.jpeds.2019.04.020. 

[72] Capasso L, Pacella D, Migliaro F, Salomè S, Grasso F, Corsini I, et al. Can lung ultrasound score 

accurately predict surfactant replacement? A systematic review and meta-analysis of diagnostic 

test studies. Pediatr Pulmonol 2023;58:1427–37. https://doi.org/10.1002/ppul.26337. 

[73] van Kaam AH, Niemarkt HJ, Onland W. Timing of surfactant treatment in respiratory distress 

syndrome. Semin Fetal Neonatal Med 2023;28:101495. 

https://doi.org/10.1016/j.siny.2023.101495. 

[74] Abiramalatha T, Ramaswamy VV, Bandyopadhyay T, Somanath SH, Shaik NB, Pullattayil AK, 

et al. Interventions to Prevent Bronchopulmonary Dysplasia in Preterm Neonates: An Umbrella 

Review of Systematic Reviews and Meta-analyses. JAMA Pediatr 2022;176:502–16. 

https://doi.org/10.1001/jamapediatrics.2021.6619. 

[75] De Luca D, Bonadies L, Alonso-Ojembarrena A, Martino D, Gutierrez-Rosa I, Loi B, et al. 

Quantitative Lung Ultrasonography to Guide Surfactant Therapy in Neonates Born Late Preterm 

and Later. JAMA Netw Open 2024;7:e2413446. 

https://doi.org/10.1001/jamanetworkopen.2024.13446. 

[76] Luo K, Wang H, Huang F, Tang J. Optimal timing and cutoff range of lung ultrasound in 

predicting surfactant administration in neonates: A meta-analysis and systematic review. PLoS 

One 2023;18:e0287758. https://doi.org/10.1371/journal.pone.0287758. 

[77] Sweet DG, Carnielli VP, Greisen G, Hallman M, Klebermass-Schrehof K, Lavizzari A, et al. 

European Consensus Guidelines on the Management of Respiratory Distress Syndrome: 2025. 

Neonatology 2026:1–26. https://doi.org/10.1159/000551062. 

[78] Buda N, Mendrala K, Skoczyński S, Pasquier M, Mazur P, Garcia E, et al. Basics of Point-of-

Care Lung Ultrasonography. N Engl J Med 2023;389. 

https://doi.org/10.1056/NEJMvcm2108203. 

[79] Bahadue FL, Soll R. Early versus delayed selective surfactant treatment for neonatal respiratory 

distress syndrome. Cochrane Database Syst Rev 2012;11:CD001456. 

https://doi.org/10.1002/14651858.CD001456.pub2. 

[80] Hiles M, Culpan A-M, Watts C, Munyombwe T, Wolstenhulme S. Neonatal respiratory distress 

syndrome: Chest X-ray or lung ultrasound? A systematic review. Ultrasound 2017;25:80–91. 

https://doi.org/10.1177/1742271X16689374. 

[81] Balest A. Respiratory Distress Syndrome in Neonates 2025. 

https://www.msdmanuals.com/professional/pediatrics/respiratory-problems-in-

neonates/respiratory-distress-syndrome-in-neonates?autoredirectid=8655 (accessed April 8, 

2026). 



 49 

[82] Buel KL, Gould E. Newborn Respiratory Distress: Evaluation and Management. Am Fam 

Physician 2026;113:35–41. 

[83] Amboss. Neonatal respiratory distress syndrome 2025. 

https://next.amboss.com/us/article/340SQT?q=neonatal+respiratory+distress+syndrome#Zfef9

b088aae403753318a0f763b7f0a0 (accessed April 8, 2026). 

[84] Copetti R, Cattarossi L, Macagno F, Violino M, Furlan R. Lung ultrasound in respiratory distress 

syndrome: a useful tool for early diagnosis. Neonatology 2008;94:52–9. 

https://doi.org/10.1159/000113059. 

[85] Hermansen CL, Mahajan A. Newborn Respiratory Distress. Am Fam Physician 2015;92:994–

1002. 

[86] Watkins PL, Dagle JM, Bell EF, Colaizy TT. Outcomes at 18 to 22 Months of Corrected Age for 

Infants Born at 22 to 25 Weeks of Gestation in a Center Practicing Active Management. J Pediatr 

2020;217:52-58.e1. https://doi.org/10.1016/j.jpeds.2019.08.028. 

[87] Bell EF, Hintz SR, Hansen NI, Bann CM, Wyckoff MH, DeMauro SB, et al. Mortality, In-

Hospital Morbidity, Care Practices, and 2-Year Outcomes for Extremely Preterm Infants in the 

US, 2013-2018. JAMA 2022;327:248. https://doi.org/10.1001/jama.2021.23580. 

[88] European Consensus Guidelines on the Management of Respiratory Distress Syndrome: 2022 

Update | Neonatology | Karger Publishers n.d. 

https://karger.com/neo/article/120/1/3/832551/European-Consensus-Guidelines-on-the-

Management-of (accessed October 20, 2025). 

[89] Ota E, Da Silva Lopes K, Middleton P, Flenady V, Wariki WM, Rahman MdO, et al. Antenatal 

interventions for preventing stillbirth, fetal loss and perinatal death: an overview of Cochrane 

systematic reviews. Cochrane Database of Systematic Reviews 2020;2020. 

https://doi.org/10.1002/14651858.CD009599.pub2. 

[90] Roberts D, Brown J, Medley N, Dalziel SR. Antenatal corticosteroids for accelerating fetal lung 

maturation for women at risk of preterm birth. Cochrane Database of Systematic Reviews 2017. 

https://doi.org/10.1002/14651858.CD004454.pub3. 

[91] Gizzi C, Gagliardi L, Trevisanuto D, Ghirardello S, Di Fabio S, Beke A, et al. Variation in 

delivery room management of preterm infants across Europe: a survey of the Union of European 

Neonatal and Perinatal Societies. Eur J Pediatr 2023;182:4173–83. 

https://doi.org/10.1007/s00431-023-05107-9. 

[92] Seidler AL, Aberoumand M, Hunter KE, Barba A, Libesman S, Williams JG, et al. Deferred 

cord clamping, cord milking, and immediate cord clamping at preterm birth: a systematic review 

and individual participant data meta-analysis. The Lancet 2023;402:2209–22. 

https://doi.org/10.1016/S0140-6736(23)02468-6. 

[93] Seidler AL, Libesman S, Hunter KE, Barba A, Aberoumand M, Williams JG, et al. Short, 

medium, and long deferral of umbilical cord clamping compared with umbilical cord milking 

and immediate clamping at preterm birth: a systematic review and network meta-analysis with 

individual participant data. The Lancet 2023;402:2223–34. https://doi.org/10.1016/S0140-

6736(23)02469-8. 

[94] Kuehne B, Grüttner B, Hellmich M, Hero B, Kribs A, Oberthuer A. Extrauterine Placental 

Perfusion and Oxygenation in Infants With Very Low Birth Weight: A Randomized Clinical 

Trial. JAMA Netw Open 2023;6:e2340597. 

https://doi.org/10.1001/jamanetworkopen.2023.40597. 

[95] Subramaniam P, Ho JJ, Davis PG. Prophylactic or very early initiation of continuous positive 

airway pressure (CPAP) for preterm infants. Cochrane Database of Systematic Reviews 

2021;2021. https://doi.org/10.1002/14651858.CD001243.pub4. 

[96] Abiramalatha T, Ramaswamy VV, Bandyopadhyay T, Pullattayil AK, Thanigainathan S, 

Trevisanuto D, et al. Delivery Room Interventions for Hypothermia in Preterm Neonates: A 

Systematic Review and Network Meta-analysis. JAMA Pediatr 2021;175:e210775. 

https://doi.org/10.1001/jamapediatrics.2021.0775. 



 50 

[97] Kumar S, Priyadarshi M, Singh P, Chaurasia S, Basu S. Optimum oxygen concentration for 

initiation of delivery room stabilization in preterm neonates: A Randomized Controlled Trial. 

Resuscitation 2025;206:110443. https://doi.org/10.1016/j.resuscitation.2024.110443. 

[98] Winkler M, Baik-Schneditz N, Gruber V, Pichler G, Schwaberger B. Diagnostic applications of 

neonatologist-performed lung ultrasound in the delivery room in late preterm and term neonates: 

A systematic review of literature. Paediatr Respir Rev 2026:S1526-0542(26)00001-1. 

https://doi.org/10.1016/j.prrv.2026.01.001. 

[99] Badurdeen S, Kamlin COF, Rogerson SR, Kane SC, Polglase GR, Hooper SB, et al. Lung 

ultrasound during newborn resuscitation predicts the need for surfactant therapy in very- and 

extremely preterm infants. Resuscitation 2021;162:227–35. 

https://doi.org/10.1016/j.resuscitation.2021.01.025. 

[100] Fujiwara T, Maeta H, Chida S, Morita T, Watabe Y, Abe T. Artificial surfactant therapy in 

hyaline-membrane disease. Lancet 1980;1:55–9. https://doi.org/10.1016/s0140-6736(80)90489-

4. 

[101] Sweet DG, Carnielli VP, Greisen G, Hallman M, Klebermass-Schrehof K, Ozek E, et al. 

European Consensus Guidelines on the Management of Respiratory Distress Syndrome: 2022 

Update. Neonatology 2023;120:3–23. https://doi.org/10.1159/000528914. 

[102] Williams E, Dassios T, Greenough A. Carbon dioxide monitoring in the newborn infant. 

Pediatric Pulmonology 2021;56:3148–56. https://doi.org/10.1002/ppul.25605. 

[103] V. Salis-Soglio N, Hummler H, Schwarz S, Mendler MR. Success rate and duration of 

orotracheal intubation of premature infants by healthcare providers with different levels of 

experience using a video laryngoscope as compared to direct laryngoscopy in a simulation-based 

setting. Front Pediatr 2022;10:1031847. https://doi.org/10.3389/fped.2022.1031847. 

[104] Stevens TP, Harrington EW, Blennow M, Soll RF. Early surfactant administration with brief 

ventilation vs. selective surfactant and continued mechanical ventilation for preterm infants with 

or at risk for respiratory distress syndrome. Cochrane Database Syst Rev 2007;2007:CD003063. 

https://doi.org/10.1002/14651858.CD003063.pub3. 

[105] Pichler K, Kuehne B, Dekker J, Stummer S, Giordano V, Berger A, et al. Assessment of 

Comfort during Less Invasive Surfactant Administration in Very Preterm Infants: A Multicenter 

Study. Neonatology 2023;120:473–81. https://doi.org/10.1159/000530333. 

[106] Abdel-Latif ME, Davis PG, Wheeler KI, De Paoli AG, Dargaville PA. Surfactant therapy via 

thin catheter in preterm infants with or at risk of respiratory distress syndrome. Cochrane 

Database Syst Rev 2021;5:CD011672. https://doi.org/10.1002/14651858.CD011672.pub2. 

[107] Liu S, Wang Y, Zhu X, Chen F, Shi Y. Comparative efficacy and safety of pulmonary surfactant 

delivery strategies in neonatal RDS: a network meta-analysis. BMC Pulm Med 2024;24:637. 

https://doi.org/10.1186/s12890-024-03429-4. 

[108] Dargaville PA, Kamlin COF, Orsini F, Wang X, De Paoli AG, Kanmaz Kutman HG, et al. 

Effect of Minimally Invasive Surfactant Therapy vs Sham Treatment on Death or 

Bronchopulmonary Dysplasia in Preterm Infants With Respiratory Distress Syndrome: The 

OPTIMIST-A Randomized Clinical Trial. JAMA 2021;326:2478. 

https://doi.org/10.1001/jama.2021.21892. 

[109] Heiring C, Hedegaard SS, Carlsen EM, Kristensen R, Breindahl N, Schmidt C, et al. Less 

Invasive Surfactant Administration Versus Intubate‐Surfactant‐Extubate: Associated With 

Reduced Mechanical Ventilation in Extremely Preterm Infants. Acta Paediatrica 

2025;114:1868–76. https://doi.org/10.1111/apa.70041. 

[110] Härtel C, Herting E, Humberg A, Hanke K, Mehler K, Keller T, et al. Association of 

Administration of Surfactant Using Less Invasive Methods With Outcomes in Extremely 

Preterm Infants Less Than 27 Weeks of Gestation. JAMA Netw Open 2022;5:e2225810. 

https://doi.org/10.1001/jamanetworkopen.2022.25810. 

[111] Loganathan PK, Pitman F, Montasser M, O’Shea J, Wagner M, Roehr CC, et al. International 

Survey Showed That Supraglottic Airway Devices Were Not Often Used for Surfactant 

Administration. Acta Paediatrica 2025;114:2056–60. https://doi.org/10.1111/apa.70082. 



 51 

[112] Sweet DG, Carnielli VP, Greisen G, Hallman M, Klebermass-Schrehof K, Ozek E, et al. 

European Consensus Guidelines on the Management of Respiratory Distress Syndrome: 2022 

Update. Neonatology 2023;120:3–23. https://doi.org/10.1159/000528914. 

[113] Raimondi F, Migliaro F, Corsini I, Meneghin F, Pierri L, Salomè S, et al. Neonatal Lung 

Ultrasound and Surfactant Administration. Chest 2021;160:2178–86. 

https://doi.org/10.1016/j.chest.2021.06.076. 

[114] Rodriguez-Fanjul J, Jordan I, Balaguer M, Batista-Muñoz A, Ramon M, Bobillo-Perez S. 

Early surfactant replacement guided by lung ultrasound in preterm newborns with RDS: the 

ULTRASURF randomised controlled trial. Eur J Pediatr 2020;179:1913–20. 

https://doi.org/10.1007/s00431-020-03744-y. 

[115] Prakash R, De Paoli AG, Oddie SJ, Davis PG, McGuire W. Masks versus prongs as interfaces 

for nasal continuous positive airway pressure in preterm infants. Cochrane Database of 

Systematic Reviews 2022;2022. https://doi.org/10.1002/14651858.CD015129. 

[116] Ramaswamy VV, Abiramalatha T, Bandyopadhyay T, Shaik NB, Pullattayil S AK, Cavallin F, 

et al. Delivery room CPAP in improving outcomes of preterm neonates in low-and middle-

income countries: A systematic review and network meta-analysis. Resuscitation 2022;170:250–

63. https://doi.org/10.1016/j.resuscitation.2021.10.027. 

[117] Striebel HW. Anästhesie, Intensivmedizin, Notfallmedizin. 10., aktualisierte Auflage. 

Stuttgart NewYork: Georg Thieme Verlag; 2020. 

[118] Sartorius V, Loi B, Vivalda L, Regiroli G, De La Rubia-Ortega S, Pezza L, et al. Effect of 

different CPAP levels on ultrasound-assessed lung aeration and gas exchange in neonates. Respir 

Res 2024;25:375. https://doi.org/10.1186/s12931-024-03010-x. 

[119] Szymański P, Puskarz-Gąsowska J, Hożejowski R, Stefańska M, Błaż W, Sadowska-

Krawczenko I, et al. Prognostic Relevance of the Lung Ultrasound Score: A Multioutcome Study 

in Infants with Respiratory Distress Syndrome. Am J Perinatol 2024;41:e2862–9. 

https://doi.org/10.1055/s-0043-1775975. 

[120] Evans P, Shults J, Weinberg DD, Napolitano N, Ades A, Johnston L, et al. Intubation 

Competence During Neonatal Fellowship Training. Pediatrics 2021;148:e2020036145. 

https://doi.org/10.1542/peds.2020-036145. 

[121] Dargaville PA, Gerber A, Johansson S, De Paoli AG, Kamlin COF, Orsini F, et al. Incidence 

and Outcome of CPAP Failure in Preterm Infants. Pediatrics 2016;138:e20153985. 

https://doi.org/10.1542/peds.2015-3985. 

[122] Isayama T, Miyakoshi K, Namba F, Hida M, Morioka I, Ishii K, et al. Survival and unique 

clinical practices of extremely preterm infants born at 22–23 weeks’ gestation in Japan: a 

national survey. Arch Dis Child Fetal Neonatal Ed 2025;110:17–22. 

https://doi.org/10.1136/archdischild-2023-326355. 

[123] Van Kaam AH. Optimal Strategies of Mechanical Ventilation: Can We Avoid or Reduce Lung 

Injury? Neonatology 2024;121:570–5. https://doi.org/10.1159/000539346. 

[124] Vc LK, Patla VKR, Vadije PR, Murki S, Subramanian S, Injeti G, et al. Assessing the 

diagnostic accuracy of lung ultrasound in determining invasive ventilation needs in neonates on 

non-invasive ventilation: An observational study from a tertiary NICU in India. Eur J Pediatr 

2024;183:939–46. https://doi.org/10.1007/s00431-023-05356-8. 

[125] Mohsen N, Nasef N, Ghanem M, Yeung T, Deekonda V, Ma C, et al. Accuracy of lung and 

diaphragm ultrasound in predicting successful extubation in extremely preterm infants: A 

prospective observational study. Pediatr Pulmonol 2023;58:530–9. 

https://doi.org/10.1002/ppul.26223. 

[126] Gautam G, Priyadarshi M, Chaurasia S, Singh P, Basu S. Sonographic evaluation of lungs and 

diaphragm as a predictor for extubation failure in early preterm neonates: a prospective 

diagnostic accuracy study. Eur J Pediatr 2025;184:725. https://doi.org/10.1007/s00431-025-

06563-1. 



 52 

[127] Hoff Calegari L, Goyal M, Dutta S, Mukerji A. Predictors and Outcomes of Extubation Failure 

in Preterm Neonates: A Systematic Review. Pediatrics 2025;155:e2024068677. 

https://doi.org/10.1542/peds.2024-068677. 

[128] Jobe AH, Ikegami M. Surfactant metabolism. Clin Perinatol 1993;20:683–96. 

[129] Carnielli VP, Zimmermann LJI, Hamvas A, Cogo PE. Pulmonary surfactant kinetics of the 

newborn infant: novel insights from studies with stable isotopes. J Perinatol 2009;29 Suppl 

2:S29-37. https://doi.org/10.1038/jp.2009.32. 

[130] Ramaswamy VV, Bandyopadhyay T, Abiramalatha T, Pullattayil S AK, Szczapa T, Wright CJ, 

et al. Clinical decision thresholds for surfactant administration in preterm infants: a systematic 

review and network meta-analysis. EClinicalMedicine 2023;62:102097. 

https://doi.org/10.1016/j.eclinm.2023.102097. 

[131] Bader D, Datz H, Bartal G, Juster AA, Marks K, Smolkin T, et al. Unintentional exposure of 

neonates to conventional radiography in the Neonatal Intensive Care Units. J Perinatol 

2007;27:579–85. https://doi.org/10.1038/sj.jp.7211792. 

[132] Tauzin L, Sigur N, Joubert C, Parra J, Hassid S, Moulies M-E. Echocardiography allows more 

accurate placement of peripherally inserted central catheters in low birthweight infants. Acta 

Paediatr 2013;102:703–6. https://doi.org/10.1111/apa.12245. 

[133] Amer R, Kalash R, Seshia MM, Elsayed YN. The Impact of Integrated Evaluation of 

Hemodynamics on Management of Preterm Infants with Late-Onset Compromised Systemic 

Circulation. Am J Perinatol 2017;34:1011–9. https://doi.org/10.1055/s-0037-1601439. 

[134] Grasso F, Migliaro F, Veropalumbo C, Salomè S, Corsini I, Dani C, et al. Are lung ultrasound 

and chest radiograph equally reliable for neonatal imaging? A scoping review. Eur J Pediatr 

2025;184:460. https://doi.org/10.1007/s00431-025-06300-8. 

[135] Agrons GA, Courtney SE, Stocker JT, Markowitz RI. Lung Disease in Premature Neonates: 

Radiologic-Pathologic Correlation. RadioGraphics 2005;25:1047–73. 

https://doi.org/10.1148/rg.254055019. 

[136] Singh Y, Tissot C, Fraga MV, Yousef N, Cortes RG, Lopez J, et al. International evidence-

based guidelines on Point of Care Ultrasound (POCUS) for critically ill neonates and children 

issued by the POCUS Working Group of the European Society of Paediatric and Neonatal 

Intensive Care (ESPNIC). Critical Care 2020;24:65. https://doi.org/10.1186/s13054-020-2787-

9. 

[137] Raimondi F, Migliaro F, Corsini I, Meneghin F, Dolce P, Pierri L, et al. Lung Ultrasound Score 

Progress in Neonatal Respiratory Distress Syndrome. Pediatrics 2021;147:e2020030528. 

https://doi.org/10.1542/peds.2020-030528. 

[138] De Luca D, Autilio C, Pezza L, Shankar-Aguilera S, Tingay DG, Carnielli VP. Personalized 

Medicine for the Management of RDS in Preterm Neonates. Neonatology 2021;118:127–38. 

https://doi.org/10.1159/000513783. 

[139] De Martino L, Yousef N, Ben-Ammar R, Raimondi F, Shankar-Aguilera S, De Luca D. Lung 

Ultrasound Score Predicts Surfactant Need in Extremely Preterm Neonates. Pediatrics 

2018;142:e20180463. https://doi.org/10.1542/peds.2018-0463. 

[140] Singh Y, Sanchez Luna M, Chan B, Alonso-Ojembarrena A, Yousef N, Montasser M, et al. 

Expert Consensus Framework for Standardizing Lung Ultrasound Training for Neonatologists 

Issued by ESPNIC Neonatal Critical Care Section and Point-of-Care Ultrasound Working 

Group. Chest 2026:S0012-3692(26)00282-5. https://doi.org/10.1016/j.chest.2026.02.010. 

[141] Dauengauer-Kirlienė S, Grazvydas J, Gunter LL, Prunskiene H, Liskauskiene L, Juodytė D, 

et al. Advancing neonatal care through standardized lung ultrasound implementation. 2026. 

 

 

  



 53 

13. Annexes 

1. Poster from Abstract Presentation at SIGNEC 2025 and Neonatal QI & Innovation Conference. 

22.-23.05.2025 

 

 


	2. Abbreviations
	3. Summary
	4. Santrauka
	5. Introduction
	6. Literature Review
	6.1 Background
	6.2 Lung Development and Maturation
	6.3 The Basics of Neonatal Lung Ultrasound
	6.4 Neonatal Respiratory Distress Syndrome
	6.5 Management of Respiratory Distress Syndrome
	6.6 Conventional Decision-making Tools and Their Limitations
	6.7 Lung Ultrasound in Neonatal Respiratory Decision Making
	6.8 Summary and Evidence gap

	7. Methods
	7.1 Study Design and Population
	7.2 Lung Ultrasound Implementation and Protocol
	7.3 Lung Ultrasound Scoring and Criteria for Surfactant Guidance
	7.4 Surfactant Policy Across Gestational Ages and Eras
	7.5 Outcomes and Definitions
	7.6 Statistical Analysis

	8. Research results
	8.1 Baseline Characteristics
	8.2 Respiratory Support Strategies
	8.3 Surfactant Administration
	8.4 Adverse Neonatal Outcomes

	9. Discussion
	9.1 Interpretation of the Main Respiratory Findings
	9.2 Confounding Considerations
	9.3 Surfactant Administration and Decision Metrics
	9.4 Comparison with Implementation Literature
	9.5 Imaging Context and Workflow Relevance
	9.6 Safety Outcomes
	9.7 Strengths
	9.8 Limitations

	10. Conclusion
	11. Practical Recommendations
	12. List of references
	13. Annexes

