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Abstract: Hyaline Membrane Disease (HMD) in newborns, also known as neonatal respiratory distress syndrome, is a 
common critical illness in premature infants, with an incidence inversely correlated with gestational age, posing a serious 
threat to the life and health of newborns. This paper systematically reviews the core pathogenesis of HMD, focusing on 
the abnormal metabolism of pulmonary surfactant (PS), genetic factors, immature lung development, and the synergistic 
effects of inflammatory oxidative stress. It highlights the advances in non-invasive ventilation (NIV) therapy for HMD, 
including the mechanisms of action, clinical application effects, and optimization strategies of mainstream modalities such 
as nasal continuous positive airway pressure ventilation (NCPAP), nasal intermittent positive pressure ventilation (NIPPV), 
and heated humidified high-flow nasal cannula ventilation (HHHFNC). The aim is to provide references for standardized 
clinical treatment.
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1. Introduction
Hyaline Membrane Disease (HMD) in newborns is an acute respiratory failure caused by a deficiency or 
dysfunction of Pulmonary Surfactant (PS), presenting primarily with progressive dyspnea, cyanosis, and 
respiratory failure shortly after birth [1]. Pathologically, it is characterized by the attachment of eosinophilic 
hyaline membranes to the alveolar walls and the walls of terminal bronchioles [2]. With the advancement of 
perinatal medicine, the survival rate of premature infants has significantly improved, yet HMD remains one of 
the leading causes of mortality among premature infants, particularly those with extremely low birth weights 
and gestational ages less than 32 weeks [3]. Traditional treatment primarily relies on invasive mechanical 
ventilation, which is prone to complications such as ventilator-associated pneumonia and bronchopulmonary 
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dysplasia. In recent years, Non-invasive Ventilation (NIV) technology has emerged as a core treatment for 
HMD due to its advantages of minimal trauma and fewer complications, with its application scope and 
treatment strategies continuously being optimized [4]. Meanwhile, in-depth research into the pathogenesis of 
HMD has provided new targets for clinical intervention.

2. Pathogenesis 
The onset of HMD is not the result of a single factor but rather a complex pathological process involving the 
interplay and synergistic effects of multiple factors, including abnormal PS metabolism, genetic regulation, 
immature lung development, and inflammatory oxidative stress. These mechanisms collectively exacerbate 
pulmonary dysfunction, ultimately leading to respiratory failure. 

2.1. Abnormal PS metabolism 
PS is a crucial substance for maintaining pulmonary ventilation function. It is synthesized, stored, and 
secreted by alveolar type II epithelial cells, with its main components being phospholipids and surfactant 
proteins [5]. Its core function is to reduce alveolar surface tension, prevent alveolar collapse at the end of 
expiration, and maintain alveolar stability, while also participating in processes such as lung defense and 
inflammation regulation. The core pathogenic mechanism of HMD is PS deficiency or dysfunction, with 
premature birth being the primary cause of insufficient PS synthesis. 

At 18–20 weeks of gestational age, fetal alveolar type II epithelial cells begin to synthesize PS. However, 
it is not until 35–36 weeks of gestational age that the synthesis amount and activity of PS reach the levels of 
full-term infants [6]. The alveolar type II epithelial cells in premature infants are immature in development, 
with low activity of PS synthesis enzymes, leading to an imbalance in the proportion of phospholipid 
components and insufficient expression of surfactant proteins, particularly the lack of SP-B and SP-C, which 
directly affects the surface activity and distribution stability of PS [7]. In addition, pathological conditions 
such as perinatal asphyxia, acidosis, and hypoxemia can inhibit the secretion of pulmonary surfactant (PS) by 
alveolar type II epithelial cells, while activating the inflammatory response, leading to increased degradation 
of PS and further exacerbating PS deficiency. Feng Chiguang found that PS dysfunction is closely related to 
oxidative stress [8]. Reactive oxygen species can damage the phospholipid structure and surfactant proteins of 
PS, reducing its ability to reduce surface tension, and forming a vicious cycle of “PS deficiency - lung injury - 
oxidative stress - further impairment of PS function”. 

2.2. Regulatory role of genetic factors 
Genetic factors play a significant role in the onset of Hyaline Membrane Disease (HMD). Multiple studies 
have confirmed that variations in surfactant-related genes are closely associated with susceptibility to HMD [9]. 
Mutations in the SP-B gene (SFTPB) are important genetic factors contributing to severe HMD. For instance, 
deletion of exon 4 in the SFTPB gene can result in a complete lack of SP-B synthesis, leading to severe 
respiratory failure in newborns within hours of birth, with a very high mortality rate. Mutations in the SP-C 
gene (SFTPC) can cause structural abnormalities in SP-C, affecting the assembly and function of PS, increasing 
the risk of HMD in premature infants, and potentially being associated with the subsequent development of 
bronchopulmonary dysplasia [10]. In addition, the ATP-binding cassette transporter encoded by the ABCA3 gene 
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is involved in the processing and secretion of pulmonary surfactant (PS) within alveolar type II epithelial cells, 
and mutations in this gene can lead to abnormalities in the formation of PS storage vesicles, thereby triggering 
Hyaline Membrane Disease (HMD). In addition to genes related to surfactant, variations in genes associated 
with fetal lung development may also increase the risk of HMD by affecting lung tissue differentiation [11]. 

2.3. Immature lung development and inflammatory oxidative stress 
The immature development of lung tissue in premature infants is not only characterized by a low number of 
alveoli and small alveolar cavities, but also by issues such as delayed pulmonary vascular development and 
proliferation of pulmonary interstitium. These factors contribute to impaired pulmonary ventilation and gas 
exchange, serving as an important anatomical basis for the occurrence of HMD. Meanwhile, various factors 
during the perinatal period can trigger inflammatory responses in lung tissue, further exacerbating lung injury. 
For example, intrauterine infections (such as chorioamnionitis) can activate the fetal immune system, leading 
to infiltration of neutrophils and macrophages into lung tissue, releasing inflammatory cytokines such as tumor 
necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), damaging alveolar type II epithelial cells, and inhibiting 
PS synthesis; stimuli such as postnatal infections and mechanical ventilation can intensify the inflammatory 
response, forming a pathological process of “inflammation-lung injury-respiratory failure” [12]. Oxidative stress 
is another key mechanism in the pathogenesis of HMD. The antioxidant system in premature infants is not fully 
developed, with low activity of antioxidant enzymes such as superoxide dismutase and glutathione peroxidase. 
Perinatal exposure to hypoxia, hyperoxia, and inflammatory responses can lead to the massive generation 
of reactive oxygen species (ROS), triggering oxidative stress injury [13]. ROS can disrupt the cell membrane 
structures of alveolar epithelial cells and vascular endothelial cells, leading to cell apoptosis. At the same time, 
they can damage the phospholipid and protein components of pulmonary surfactant (PS), reducing its function. 
ROS can also activate signaling pathways such as nuclear factor-kappa B (NF-κB), exacerbating inflammatory 
responses and further deteriorating lung function.

3. Advances in treatment 
Non-invasive ventilation (NIV) refers to a ventilation mode that provides respiratory support to newborns 
through nasal masks or face masks without establishing an artificial airway. Its core advantage lies in avoiding 
complications associated with invasive ventilation, such as airway injury and infection, thereby protecting lung 
function. In recent years, the application of NIV technology in the treatment of hyaline membrane disease (HMD) 
has become increasingly widespread, forming a treatment system based on nasal continuous positive airway 
pressure (NCPAP) and complemented by modes such as nasal intermittent positive pressure ventilation (NIPPV) 
and heated humidified high-flow nasal cannula (HHHFNC).

3.1. Nasal continuous positive airway pressure (NCPAP) 
3.1.1. Mechanism of action and clinical application
NCPAP serves as the first-line modality for non-invasive ventilation therapy in HMD. By continuously 
delivering positive pressure to the airways, it maintains alveolar patency at the end of expiration, prevents 
alveolar collapse, improves the ventilation/perfusion ratio in the lungs, reduces intrapulmonary shunting, 
thereby enhancing blood oxygen saturation and reducing respiratory work [14]. Concurrently, NCPAP can reduce 
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the consumption of pulmonary surfactant (PS), buying time for alveolar type II epithelial cells to synthesize PS. 
Multiple randomized controlled trials (RCTs) have confirmed that for neonates with mild to moderate HMD, 
early application of NCPAP can significantly reduce the rate of endotracheal intubation, shorten the duration 
of mechanical ventilation, and decrease the incidence of bronchopulmonary dysplasia (BPD) and ventilator-
associated pneumonia. For instance, an analysis incorporating 47 RCT studies revealed that compared to 
pulmonary surfactant therapy, NCPAP can significantly improve blood gas parameters and enhance clinical 
outcomes in neonates with HMD [15]. 

3.1.2. Optimization strategies 
The therapeutic efficacy of NCPAP is closely related to pressure settings and interface selection. Currently, 
the clinically recommended initial pressure ranges from 5 to 8 cm H2O, which should be dynamically 
adjusted based on the neonate’s respiratory status and blood oxygen saturation to avoid complications such 
as pneumothorax and circulatory depression caused by excessive pressure, or the inability to maintain 
alveolar patency due to insufficient pressure. Regarding interface selection, nasal masks and nasal prongs are 
commonly used types. Nasal masks offer superior sealing and are suitable for neonates with rapid breathing 
or significant nasal congestion; nasal prongs have minimal impact on oral care and are more appropriate for 
neonates requiring oral feeding. In recent years, the research and development of new types of interfaces (such 
as bilateral nasal prongs and integrated nasal masks) have further enhanced wearing comfort and ventilation 
effectiveness. In addition, the combined use of pulmonary surfactant (PS) replacement therapy represents 
a significant optimization direction for nasal continuous positive airway pressure (NCPAP) treatment. For 
neonates with moderate to severe hyaline membrane disease (HMD), early intratracheal administration of PS 
under NCPAP support can rapidly improve lung function, increase the success rate of non-invasive ventilation 
(NIV), and reduce the need for intubation [16]. 

3.2. Nasal intermittent positive pressure ventilation (NIPPV) 
3.2.1. Mechanism of action and clinical application 
Building upon NCPAP, NIPPV cyclically delivers inspiratory positive pressure higher than the baseline 
pressure, simulating the assisted ventilation mode of invasive mechanical ventilation. It provides stronger 
respiratory support, helping neonates overcome airway resistance, increase tidal volume, and improve 
ventilation efficiency [17]. Compared to NCPAP, NIPPV is more suitable for neonates with moderate to severe 
HMD or cases where NCPAP treatment has failed. Studies have shown that NIPPV can significantly reduce 
the intubation rate and mortality rate in neonates with severe HMD, particularly in extremely preterm infants 
with a gestational age of less than 28 weeks, where NIPPV better maintains respiratory stability and reduces the 
occurrence of apnea. 

3.2.2. Technological advancements
Traditional Non-Invasive Positive Pressure Ventilation (NIPPV) suffers from poor synchronicity, which 
can easily lead to patient-ventilator asynchrony. In recent years, the development of synchronous triggering 
technologies has significantly improved the therapeutic efficacy of NIPPV, such as flow triggering, pressure 
triggering, and diaphragmatic electrical activity (EAdi) triggering. These technologies can precisely provide 
inspiratory positive pressure in accordance with the spontaneous breathing rhythm of newborns, thereby 
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reducing patient-ventilator asynchrony [18]. Additionally, Bilevel Positive Airway Pressure (BiPAP), as a special 
form of NIPPV, provides respiratory support while preserving the spontaneous breathing function of newborns 
by setting a higher inspiratory positive airway pressure (IPAP) and a lower expiratory positive airway pressure 
(EPAP). It is suitable for newborns with Hyaline Membrane Disease (HMD) who have severe respiratory failure 
but still retain some degree of spontaneous breathing.

3.3. Heated humidified high-flow nasal cannula (HHHFNC) 
3.3.1. Mechanism of action and clinical application 
HHHFNC delivers heated (37 ℃) and humidified (relative humidity 100%) high-flow gas to newborns through 
nasal cannulas. Its mechanisms of action include establishing positive airway pressure to maintain alveolar 
patency, flushing out the nasal dead space to improve ventilation efficiency, enhancing oxygenation and carbon 
dioxide elimination, and reducing respiratory mucosal injury. HHHFNC offers the advantages of comfort and 
ease of use, making it suitable for initial treatment of mild HMD in newborns or as a sequential ventilation 
mode following NCPAP/NIPPV therapy. Research has shown that for newborns with mild HMD, there is no 
significant difference in the success rate of treatment between HHHFNC and NCPAP. However, HHHFNC 
offers better tolerance and reduces complications such as facial pressure ulcers and nasal injuries [19].

3.3.2. Application controversies and optimization 
Currently, there is some controversy regarding the application of HHHFNC in the treatment of HMD, with the 
core focus being whether its ventilatory support intensity can meet the needs of moderate to severe HMD. Some 
studies suggest that the positive airway pressure provided by HHHFNC is unstable and significantly influenced 
by factors such as the newborn’s respiratory rate and tidal volume. For newborns with severe respiratory failure 
due to HMD, HHHFNC may delay treatment and increase the risk of intubation [20]. Therefore, strict indications 
should be followed in clinical practice. For newborns with moderate to severe HMD, NCPAP or NIPPV is 
recommended as the priority choice; for newborns treated with HHHFNC, close monitoring of respiratory 
status and blood oxygen saturation is necessary, and timely adjustment of the ventilation mode should be made 
if the condition worsens.

4. Conclusion 
The pathogenesis of HMD is complex, involving multiple aspects such as abnormal PS metabolism, genetic 
factors, immature lung development, and inflammatory oxidative stress. These mechanisms interact with each 
other, collectively leading to pulmonary dysfunction. As a core treatment for HMD, NIV has established a 
treatment system based on NCPAP, complemented by modes such as NIPPV and HHHFNC. Combined with 
measures such as PS replacement therapy and lung protection strategies, it can significantly improve the 
prognosis of newborns with HMD and reduce complications associated with invasive ventilation. In the future, 
with the in-depth research on the pathogenesis and the innovation of non-invasive ventilation technology, 
individualized and precise treatment will become the development trend for the treatment of Hyaline Membrane 
Disease (HMD), providing stronger guarantees for the life and health of premature infants.
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