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Abstract: Bronchopulmonary dysplasia (BPD), a disorder characterized by arrested lung develop-
ment, is a frequent cause of morbidity and mortality in premature infants. Parenchymal lung changes
in BPD are relatively well-characterized and highly studied; however, there has been less emphasis
placed on the role that airways disease plays in the pathophysiology of BPD. In preterm infants born
between 22 and 32 weeks gestation, the conducting airways are fully formed but still immature and
therefore susceptible to injury and further disruption of development. The arrest of maturation results
in more compliant airways that are more susceptible to deformation and damage. Consequently,
neonates with BPD are prone to developing airway pathology, particularly for patients who require
intubation and positive-pressure ventilation. Airway pathology, which can be divided into large
and small airways disease, results in increased respiratory morbidity in neonates with chronic lung
disease of prematurity.
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1. Overview of Airway Development

One of the key milestones of the transition from intrauterine to extrauterine life is the
shift from a fluid-filled positive-pressure condition in the lung to one of negative pressure
air breathing. This transition is physiologically complex and subject to a myriad of potential
complicating factors. It is especially challenging in an underdeveloped respiratory system,
as is present in the preterm infant. The immature respiratory system is highly susceptible
to environmental insults, which can disrupt normal developmental programming. The re-
sulting pathology, bronchopulmonary dysplasia (BPD), is characterized by varying degrees
of impaired alveologenesis, pulmonary vascular abnormalities, and airway anomalies. In
its current form, often referred to as the ‘new BPD’, the pathophysiology is predominantly
one of arrested or impaired development, which is in contrast to the features of lung injury
that were the hallmark of the ‘old BPD’ phenotype [1].

The primitive lung develops at around 4–6 weeks of human gestation from a structure
called the laryngotracheal groove, a small diverticulum budding from the ventral wall of
the foregut into the surrounding mesenchyme [2]. This structure gives rise to the trachea by
ventral caudal elongation and, through a process of lateral septation and distal-to-proximal
closure, separates from the esophagus except at the site of the future hypopharynx and
larynx [3]. Subsequently, from the distal end of the primitive trachea, the two mainstem
bronchi arise. The third generation of branching takes place during the sixth-week post-
conception, producing 10 tertiary bronchi on the right and eight on the left, referred to as
the large conducting airways in this discussion.
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Normal development of the conducting airways and eventual alveolar formation is a
complex process mediated by the sequential expression of transcription factors and coordi-
nated cross-talk between mesenchyme and epithelium (including endothelial, neuronal,
and immune cells) [3–5]. Thyroid transcription factor-1 (TTF-1 or NKX2.1) is a critical,
early-expressed epithelial transcriptional factor that is essential in the development of
epithelial progenitors from the laryngotracheal groove and proximal bronchi [6]. SOX -2
and the retinoic receptor transcription factor activation pathway also play important roles
in the formation of the laryngotracheal groove [7–9]. Branching morphogenesis distal
to the trachea mainly depends on NKX2.1 and fibroblast growth factor (FGF) ligands,
especially FGF10 [7,10,11]. Concomitantly, the vascular structures of the respiratory system
begin to form with the pulmonary arteries developing from the sixth aortic arch and the
pulmonary veins emerging from the developing heart [12]. By the end of the embryonic
stage, the larynx, trachea, lung primordia, lung lobes, and the bronchopulmonary segments
have formed.

During the second phase of lung development, called the pseudoglandular phase,
occurring between 7 and 17 weeks of gestation, there is ongoing branching morphogenesis
that, through a continuous process of repetitive sprouting and bifurcations, leads to the
formation of the pre-acinar airways accounting for approximately 20 generations of the
respiratory tree [13]. These airways will be referred to as the small conducting airways in
this discussion.

In human embryonic lungs, smooth muscle cells form a sleeve surrounding the de-
veloping conducting airway epithelium. Lateral budding occurs at points of opening in
the smooth muscle coat through which the lateral bud epithelium protrudes and extrudes.
Lateral branching does not occur where the smooth muscle sleeve is present [14] (Figure 1).
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Figure 1. Branching morphogenesis. Embryonic lung with smooth muscle scells forming a sleeve
around developing conducting airway epithelium (A). Interbranch lengths and timing of branching
are thought to be partially determined by the presence of calcium waves (B) where lateral budding
occurs at points of opening (orifice) in the smooth muscle coat (C). Sleeves of smooth muscle coats
(stalk) extend toward the lateral budding of the epithelium (tips) while it protrudes to make new
peripheral epithelial branches (D).

During this phase, both respiratory epithelium and mesenchyme begin to differen-
tiate. Basal and neuroendocrine cells appear at around 8–10 weeks of gestation and, by
approximately 16 weeks of gestation, ciliated and secretory cells emerge in the proximal air-
ways [15]. Finally, in the distal regions, cuboidal cells, the primordial type II pneumocytes,
which are filled with glycogen—an essential component of surfactant—start to appear [16].

The mesoderm gives rise to intrapulmonary arteries (branching in parallel with the
bronchial and bronchiolar tubules), supportive cartilage in the airways, and bronchial
smooth muscle [15,17]. Development and proper patterning of the cartilage rings and
smooth muscle cells are dependent on critical signaling from fibroblast growth factor 10
(FGF10), fibroblast growth factor receptor 2b (FGFR 2b), fibroblast growth factor 18 (FGF18),
and sonic hedgehog, which interact with bone morphogenetic proteins to coordinate this
process [18–20].

Cartilage begins to appear during the 4th week of gestation in the trachea, the 10th
week in the main bronchi, and the 12th week in the segmental bronchi and peripherally ex-
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tends until about 2 months following birth. Cartilage mass continues to increase throughout
childhood [16].

The formation, timing, and orientation of the subsequent segmental airway branches
involve continuous crosstalk between the epithelium and mesenchyme. This process is
mediated by several important and evolutionarily conserved developmental signaling
molecules such as FGFs [21], Hedgehog (HH) [22], WNT [23], and TGF-beta [24].

Additionally, interbranch lengths and timing of branching are thought to be partially
determined by the presence of calcium waves. Calcium waves are activating peristaltic
waves of smooth muscle contractions that are proposed to function as cellular clocks [25].
Inhibition of the sarcoendoplasmic reticulum calcium -ATPase (SERCA) calcium pump
results in a reversible inhibition of these calcium waves (and consequently of the peristalsis)
and disrupted branching morphogenesis of the airways. It is hypothesized that SERCA
integrates inputs from morphogens such as FGF10, leading to differential Ca2+ levels at
branching tips, indicating a potential “timing” for cell migration and branch formation.
The waves of rhythmic peristalsis move fluids along a proximal to distal axis, down the
lumen of the developing airways. The generated hydraulic forces dilate the epithelial distal
tips and are responsible for the outward bulging of the epithelium at the weak points where
smooth muscle cells are not present (orifice). Through this process, new epithelial branches
are formed. These branches subsequently acquire a smooth muscle coat (stalk) until a point
where new branches will appear [25] (Figure 1). By the end of this phase, the complete
numbers of pre-acinar pulmonary vessels are present in each segment with a pattern now
similar to that of an adult lung.

Branching morphogenesis is completed during the canalicular phase, which occurs
between 17 and 25 weeks gestation. During this phase, the terminal bronchioles are
formed, the alveolar epithelium begins to differentiate into type I and type II cells, and
the mesenchyme thins, allowing for the formation of a rudimentary blood-gas interface.
At the end of the canalicular phase, non-ciliated bronchiolar cells appear and surfactant
production by type II alveolar epithelial cells begins [11,26,27]. Finally, there is increased
vessel proliferation and development of capillary networks around the rudimentary gas
exchange structures in the peripheral mesenchyme.

By the final two stages of lung development, the saccular phase, which takes place
between 24 and 36 weeks gestation, and the alveolar phase, which occurs between 36 weeks
gestation and 8 years of age, airway differentiation and development are largely complete.
The saccular phase is characterized by the formation of primitive terminal airspaces and
the beginning of surfactant production by Type 2 pneumocytes. By the end of this stage,
three additional generations of alveolar ducts have formed, and mucous and ciliated cells
are developing in the conducting airways. Secondary septation begins in the alveolar phase
with the formation of new secondary septae dividing the saccules into smaller alveoli with
a 20-fold increase in the gas exchange area throughout the course of this developmental
phase [28].

Each step in this sophisticated process is necessary to achieve normal lung develop-
ment and normal respiratory function. Any disruption of signaling between cells may
be sufficient to alter the entire process. Because the lung continues to undergo a signifi-
cant portion of its development after birth, derangements of this complex developmental
program—which may involve molecular, environmental, or mechanical insults—can occur
pre- or post-natally. This susceptibility is particularly evident in the setting of premature
birth where structural immaturity, surfactant deficiency, and frequent exposure to envi-
ronmental stressors (inflammatory or oxidative) create a setup for disrupted development,
often leading to the diagnosis of bronchopulmonary dysplasia (BPD), the most common
complication of prematurity [29].

BPD was originally described in 1967 as a pulmonary disease affecting preterm in-
fants following prolonged exposure to oxygen therapy and positive-pressure mechanical
ventilation [30]. The classic BPD phenotype was characterized by lung injury and fibrosis.
As neonatal care has become increasingly sophisticated, with a larger number of very-
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low-birthweight and extremely preterm infants surviving, these features have become less
common and a new BPD phenotype has emerged. Key characteristics of the ‘new’ BPD
reflect the pathophysiology of delayed or disrupted maturation and development [29].
Severe BPD often involves overlapping pathology of the lung parenchyma, vasculature,
and airways. The remainder of this review will focus on summarizing the clinical airway
phenotypes presented by premature infants affected by BPD.

2. The Large Airways

The large airways, defined as the trachea (including the subglottic space through the
carina), mainstem bronchi, lobar bronchi, and segmental bronchi, all form the proximal
portion of the conducting airways. While the conducting airways do not provide gas
exchange, an understanding of air flow in these large airways is relevant in pathophysio-
logic states. Small reductions in airway diameter result in significant increases in airway
resistance (R = 1/r4) [31]. Thus, any changes to an already small conducting airway can
lead to substantial increases in airway resistance in the neonatal population.

Airway arborization occurs throughout the tracheobronchial tree with the cross-
sectional area of the airways increasing in more distal lungs. The smallest cross-sectional
area of the respiratory system exists at the segmental bronchi (3rd branching). It is here
that bronchi are most impacted by changes in intrathoracic pressure. Airway collapse
can be observed throughout the central airways when the intrathoracic pressure exceeds
the intraluminal pressure with forced exhalation, coughing, or in disease states such as
tracheomalacia or extrinsic compression of the airways (Table 1) [32].

Table 1. Anatomic airway locations, common pathologies and diagnostic studies to consider in
neonates. Modified from Bush et al. 2019 [33].

Airway Region Diagnosis Etiology Obstruction Type Signs/Symptoms Diagnostic Studies

Subglottis Subglottic stenosis * Acquired/Congenital Fixed Biphasic
stridor/wheezing FB, RB

Subglottic
hemangioma Congenital Fixed Biphasic

stridor/wheezing FL, FB, RB

Trachea Tracheoesophageal
fistula Congenital Dynamic

Coughing with
feeding, recurrent

pneumonia

CXR, FB, or RB
with methylene
blue instillation

Tracheomalacia * Acquired Dynamic Expiratory
wheezing FB, MRI

Tracheomegaly Acquired Dynamic Wheezing FB, RB, CT

Tracheal
compression
(extrinsic) *

Acquired/Congenital Dynamic or Fixed
Expiratory

wheezing/Biphasic
wheezing

FB, RB, CT

Tracheal web Congenital Fixed Biphasic wheezing FB, RB

Tracheal
ring/stenosis Acquired/Congenital Fixed Biphasic wheezing RB, RB, CT

Vascular ring,
Pulmonary artery

sling
Congenital Fixed Biphasic wheezing FB, RB, CTA

Tracheal bronchus Congenital Dynamic (regional)
Coughing, Retained

secretions,
Recurrent

pneumonia
FB, RB, CT

Bronchi Bronchomalacia * Acquired Dynamic Expiratory
wheezing FB

Bronchial stenosis Acquired/Congenital Fixed Wheezing, air
trapping FB
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Table 1. Cont.

Airway Region Diagnosis Etiology Obstruction Type Signs/Symptoms Diagnostic Studies

Bronchial
compression
(extrinsic) *

Acquired/Congenital Dynamic or Fixed Wheezing, air
trapping FB

Airway granuloma Acquired Fixed Wheezing, air
trapping FB, RB

Bronchioles Obstructive
airways disease * Acquired Fixed/Reversible ˆ Wheezing, air

trapping PFT

Atelectasis * Acquired Reversible Reduced air entry,
crackles CXR

FL: flexible laryngoscopy; CT: computed tomography; CTA: computed tomography with angiography; FB:
flexible bronchoscopy; RB: rigid bronchoscopy; CXR: chest radiograph; MRI: magnetic resonance imaging; PFT:
pulmonary function testing (spirometry in school aged children, infant PFTs available at some centers). * Denotes
pathology observed more frequently in bronchopulmonary dysplasia. ˆ Reversibility in small airways disease in
premature infants with bronchopulmonary dysplasia is not always evident.

As with older children and adults, the neonatal airway is impacted by changes in
transmural pressures in the airway during breathing. With spontaneous breathing, airway
caliber increases with inspiration, owing to the negative pressure exerted upon the respira-
tory system. With exhalation, less negative pressure (or positive pressure when coughing)
leads to a reduction in the caliber of the airway (Figure 2) [34]. Infants, particularly those
born prematurely, have a propensity to experience an exaggerated dynamic impact on the
airways given their immature and more compliant cartilaginous support structures [35,36].
Further, the posterior trachealis muscle lining the posterior airway is not bound to a rigid
support system and can protrude into the airway in both non-disease (e.g., coughing) and
disease (e.g., disorders associated with hypotonia, or impaired innervation via the recurrent
or superior laryngeal nerves) states [37,38]. As with cartilage, smooth muscle is immature
in preterm infants and has been demonstrated to have increased muscle tension and tactile
strength as gestation progresses [39,40] Increases in airway resistance require an increase in
work of breathing by the infant, leading to even larger pressure swings in order to overcome
the increased resistance and can exacerbate dynamic collapse [41,42]. Work of breathing
in infants is further challenged by a highly compliant thoracic cage and a mechanically
disadvantaged diaphragm, which can contribute to early respiratory failure [43,44].

It is important to note that positive-pressure ventilation (both invasive and non-
invasive) may contribute to increased airway radius, a reduced thickness of airway cartilage
and smooth muscle, and can contribute to epithelial damage [45]. As a result, there may be
an increased risk of airway collapsibility and increased airway resistance in infants who
have previously received positive-pressure ventilation [46].

Disorders of the large airways can be differentiated into congenital or acquired
(Table 1). Congenital abnormalities are rare and unlikely to occur at any increased in-
cidence in premature infants, but should always be considered when airway obstruction,
recurrent infections, or increased work of breathing is a concern, and an evaluation of
the airway anatomy (e.g., imaging or direct visualization with flexible bronchoscopy) can
help guide management. Acquired lesions, such as tracheomalacia, bronchomalacia, or
subglottic stenosis, are far more common in this population, although the exact prevalence
is unknown [34].
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Figure 2. Effects of transmural forces on the neonatal airway. Transmural forces exhibited on the
airways through diaphragmatic contraction on inspiration (blue arrows) and forceful exhalation
(red arrows) in normal airways (A), tracheomalacia due to posterior trachealis instability (B), and a
combination of extrinsic anterior compression of the trachea with posterior trachealis instability (C).
Pink represents the area of cross-section highlighted in the cartoon (adapted from www.breathingnyc.
com with permission, accessed on 16 January 2023).

2.1. Subglottic Stenosis

Acquired subglottic stenosis occurs at a relatively high frequency with 0.9–8.3% of in-
tubated neonates experiencing stenosis [47,48]. With a narrow cricoid, infants are uniquely
predisposed to subglottic injury when respiratory challenges lead to frequent or prolonged
endotracheal intubations and, at times multiple or traumatic attempts at intubation [49,50].
Sub-glottic stenosis frequently presents as a fixed airflow obstruction with inspiratory
stridor or bi-phasic wheezing. If severe, airway resistance will be high with increased work
of breathing evident on examination.

The assessment of subglottic stenosis requires a flexible laryngoscopy or, more often,
direct laryngoscopy with rigid bronchoscopy in order to accurately diagnose and grade the
lesion [51]. Mild grades of subglottic stenosis are typically well tolerated; however, more
severe grades may require tracheostomy placement and eventual airway reconstructive
surgery when the infant is older and the airway is larger [52]. The mainstay of subglottic

www.breathingnyc.com
www.breathingnyc.com
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stenosis management is an emphasis on prevention with the goal of limiting endotracheal
intubation through the early use of nasal continuous positive airway pressure (CPAP) or,
when intubation is required, to do so nasally given the preferable tube stabilization benefits
with nasal intubation [34,53]. Medical therapies are limited in their efficacy, with acid-
suppressive medications providing questionable benefits when gastroesophageal reflux is
suspected as the source of subglottic edema, and not without their potential side effects [54].
In mild disease, endoscopic balloon dilation can be considered; however, there is a high
risk of failed dilation in this population and surgical interventions may ultimately be
required [55]. In severe subglottic stenosis, surgical interventions, including tracheostomy
with tube placement or laryngotracheal reconstruction may be necessary.

2.2. Tracheomalacia and Bronchomalacia

The prevalence of tracheomalacia in BPD is not well known, but is likely occurring
at a higher incidence than has previously been appreciated, with estimates as high as
48–60% in infants with severe BPD [56,57]. As defined earlier, the risk factors include
immature cartilaginous support structures, laxity of the posterior trachealis muscle, and
challenged respiratory mechanics, frequently necessitating increased work of breathing. In
a recent retrospective study looking at risk factors for tracheomalacia in preterm infants
affected by BPD, among the 58 preterm infants evaluated, 50% were diagnosed as having
tracheomalacia. The presence of severe BPD, prolonged intubation, and higher peak
inspiratory pressures were most closely associated with a diagnosis of tracheomalacia [58].

Currently, there is no standardized definition for tracheomalacia; however, most
experts consider a dynamic collapse of more than 50% during spontaneous breathing to
be abnormal [59]. Tracheomalacia can manifest from an anterior defect in the airway or
through a defect, or laxity, of the posterior trachealis muscle. The abnormality can involve
a short segment of the trachea, the entirety of the trachea, can extend into the mainstem
bronchi (tracheobronchomalacia), or can manifest entirely within the mainstem bronchi
alone (bronchomalacia).

Signs and symptoms include respiratory distress, homophonous (constant pitch
equally heard throughout the lungs) wheezing, coughing (from retained secretions), acute
desaturation, and hypoventilation episodes, with agitation or apneas in neonates. While
there are no specific therapies available to treat or manage tracheomalacia, non-invasive
continuous positive airway pressure (CPAP) support seems to be a mainstay of therapy. The
use of CPAP helps to provide an airway distending pressure, reducing airway collapse and
its accompanying resistance, facilitating exhalation, and preventing hyperinflation [60]. For
infants with primary defects of the posterior trachealis muscle, sympathomimetic agonism
targeting smooth muscle tone has been considered; however, there is limited evidence
supporting the efficacy of such therapies at this time (e.g., bethanechol) [61].

In general, as infants grow, the diameter of their airways enlarges. As such, tracheo-
malacia tends to clinically improve by the age of 2 years old in this population [62]. While
medical interventions are limited to CPAP, for more severe tracheomalacia, surgical in-
terventions may be required. Tracheotomy with a tracheostomy tube can provide both a
means of delivering invasive CPAP and, at times, can be used to bypass the site of airway
collapse [60].

External compression of the airway by cardiovascular structures occurs at a fairly
low incidence in the population with BPD; however, with aberrant anatomy and small
airways, even slight reductions in the airway diameter can lead to significant increases in
airway resistance. Sites of external airway compression include the anterior trachea from
an innominate artery or an aberrant aortic arch, the left mainstem through compression
from cardiomegaly secondary to enlarged left-sided cardiac structures, or bilateral main-
stem bronchi by enlarged and engorged pulmonary arteries in the setting of pulmonary
hypertension or left-to-right shunts (e.g., patent ductus arteriosus). Often, vascular com-
pression appears pulsatile on direct visualization. While management of these individuals
occasionally requires non-invasive or invasive positive airway pressure, there are at times
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medical (treatment of the PH or cardiac disease) or surgical interventions (e.g., aortoplasty
or PDA closure).

In adults with obstructive airway diseases such as severe asthma or chronic obstructive
pulmonary disease (COPD), an entity called excessive airway dynamic collapse (EADC) has
been described [63]. In the adult literature, EADC refers to the effect increased expiratory ef-
fort has on airway smooth muscle as a physiologic choke point where amplified transmural
forces lead to excessive collapse [64,65]. In disease states, such as BPD, where large airway
abnormalities are common, the large obstructing airways may be impacting the smaller
airways through various means including regional hyperinflation and stretch, compression,
atelectasis, inflammation related to retained secretions, aspiration, or other small airways
injury. While small airway abnormalities have been physiologically appreciated in infants,
children, and adults formerly with BPD, the etiology of small airway disease remains elu-
sive. It is not unreasonable to consider the physiologic concepts behind excessive dynamic
airway collapse as an etiology for small airway disorders in this population [66].

3. The Small Airways

The small airways, also known as the peripheral airways, are non-cartilaginous and
begin at the 8th generation of branching. They consist of the bronchioles, terminal bronchi-
oles, and respiratory bronchioles [13]. In preterm infants born between 22 and 32 weeks
gestation, during the end of the canalicular stage and the saccular stage of lung devel-
opment, the conducting airways are fully formed and the formation of the respiratory
bronchioles is nearly complete. However, these structures are still immature and therefore
susceptible to injury and further disruption of development [67]. Classic BPD, predomi-
nantly defined by autopsy findings, was noted to involve pathologic findings of metaplasia
of bronchial smooth muscle, bronchial necrosis, mucosal metaplasia, and excessive airway
secretions [30]. These findings are not typical of the new BPD [68]; however, some structural
abnormalities of the small airways such as peribronchial fibrosis and mucous plugging do
occur, which can lead to fixed airway narrowing and increased airway resistance.

Data from animal models lend insight into the role that small airway disease plays in
the pathophysiology of BPD. Mouse models of BPD reveal that in a two-hit (antenatal LPS
exposure and hyperoxia) model of BPD, structural airway changes are apparent. Airways
in BPD mice demonstrate increased epithelial thickness, increased sub-epithelial collagen,
and higher levels of alpha-smooth muscle actin expression [69–71]. The Airways of affected
mice also exhibit increased contraction when exposed to broncho constrictors [69].

Structurally immature distal airways are also susceptible to dynamic obstruction in
premature infants secondary to prolonged intubation and positive-pressure ventilation.
Changes in neighboring lung tissue can destabilize the distal airways and result in de-
creased elastic recoil. These changes have been well-characterized in the adult lung disorder
chronic obstructive pulmonary disease (COPD) [72]. Increasing evidence suggests similar
changes occur in the lungs of premature infants affected by BPD [73]. In a prospective
cohort study of 110 infants with severe BPD who underwent infant pulmonary function
testing (iPFT) while admitted to the NICU, 91% were found to have a phenotype con-
sistent with obstructive respiratory physiology, with 51% exhibiting a purely obstructive
presentation and 40% displaying a mixed obstructive and restrictive pattern. Most neonates
with evidence of obstructive physiology demonstrated improved airflow dynamics with
bronchodilator treatment [74]. In this cohort, there were several factors noted to be asso-
ciated with bronchodilator responsiveness, including a lower FEV0.5 prebronchodilator
and a greater hyperinflation index [75]. The pattern of obstruction has been shown to
persist into childhood and adulthood and can be associated with a reduced gas diffusion
capacity [76–78].

In school-age children, forced airflow measurements can serve as an indicator for the
degree of small airway obstruction, with reduced forced expiratory volumes in
1 s (FEV1) demonstrative of obstructed air flow. Studies of lung function performed
in older children with a history of preterm birth and BPD consistently reveal lower forced
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expiratory volumes, with a stronger association seen in those with a history of severe
BPD [79,80]. Recent reports have also suggested that children affected by BPD have a grad-
ual decline in lung function with age, raising concern that a diagnosis of BPD may confer
an increased risk of developing early-onset chronic obstructive pulmonary disease [81].
Recently, Simpson and colleagues detected a decline in several spirometric values (FEV1,
FEF25–75, and FEV1/FVC) in ex-preterm infants tested between 4 and 12 years of age.
Persistent respiratory symptoms, abnormal chest computed tomography (CT), and younger
gestational age at birth were associated with poorer testing indices [81]. Interestingly, air-
way obstruction is more prevalent and more pronounced in those preterm infants who
were also small for gestational age, suggesting that this may be an independent risk factor
for more significant small airway disease.

Adult survivors of BPD have been demonstrated to have significantly more distal
airway obstruction than both ex-preterm infants without BPD and healthy ex-full-term
subjects. A recent meta-analysis of 11 studies looking at expiratory airflow indices in adult
survivors of prematurity revealed reduced airflow and lower Z scores for all expiratory
flow measures when comparing ex-preterm participants to controls. This finding corrobo-
rates those of individual studies that suggest preterm infants, or those with very low birth
weight, are not able to achieve their full airway growth potential [82]. Factors that lead to
chronic lung dysfunction associated with small airways disease in children affected by BPD
may include chronic airways inflammation, oxidative stress, air trapping, emphysematous
changes in the lung parenchyma, and disproportionate growth between lung size and
airway caliber (referred to as ‘dysanaptic growth’) as a result of asynchronous increases in
lung size compared to airways [29,83,84]. A population-based birth-cohort study assessed
pulmonary function including spirometry pre- and post-bronchodilator (salbutamol) ad-
ministration, whole body plethysmography, and tests of lung diffusion capacity at 35 years
of age for ex-premature infants born at gestational age (GA) less than 28 weeks or with
birth weight ≤1000 g and compared these to matched term-born controls [77]. The authors
reported pre-bronchodilator FEV1/FVC below the lower limits of normal with partial
reversibility following salbutamol administration. They also noted bronchial obstruction
and reduced gas diffusion capacity. Similarly, abnormal spirometry and lung diffusion
findings were reported in a separate cohort of 53-year-old ex-premature infants [85].

Imaging performed in BPD survivors further elucidates the pathophysiology of the
small airways in BPD. High-resolution CT scans of human subjects reveal that peribronchial
thickening, hypoattenuation, and emphysematous areas with linear or triangular atelectasis
(all evidence of small airways disease) are present in a subset of ex-preterm infants with a
history of BPD and that these signs tend to decrease with age [86–88]. Recently, two research
groups demonstrated that structural anomalies on CT were associated with decreased FEV1
compared with that of healthy controls, suggesting a correlation between small airway
imaging findings and obstructive lung disease on spirometry [88,89].

4. Conclusions

Parenchymal lung abnormalities in BPD are relatively well-characterized and highly
studied. To date, there has been less emphasis placed on the role that airways disease
plays in the pathophysiology of BPD. Applying greater focus on understanding the impact
that airway abnormalities play in this disease should be considered to enhance preven-
tion strategies and facilitate the development of more phenotype-specific management
approaches, especially in the most severely affected infants.

Further studies are necessary to identify modalities to support normal airway devel-
opment after birth, to minimize airway injury, and to identify patients that will benefit
from specific treatment strategies aimed at preventing and managing airways disease in
neonates with BPD.

Author Contributions: D.B., C.J. and C.T., conception and design of the manuscript and writing—editing;
S.B., manuscript review. All authors have read and agreed to the published version of the manuscript.



Children 2023, 10, 1127 10 of 13

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tracy, M.C.; Cornfield, D.N. Bronchopulmonary Dysplasia: Then, Now, and Next. Pediatr. Allergy Immunol. Pulmonol. 2020, 33,

99–109. [CrossRef] [PubMed]
2. Nikolic, M.Z.; Sun, D.; Rawlins, E.L. Human lung development: Recent progress and new challenges. Development 2018, 145,

dev163485. [CrossRef] [PubMed]
3. Warburton, D.; Schwarz, M.; Tefft, D.; Flores-Delgado, G.; Anderson, K.D.; Cardoso, W.V. The molecular basis of lung morpho-

genesis. Mech. Dev. 2000, 92, 55–81. [CrossRef] [PubMed]
4. Ardini-Poleske, M.E.; Clark, R.F.; Ansong, C.; Carson, J.P.; Corley, R.A.; Deutsch, G.H.; Hagood, J.S.; Kaminski, N.; Mariani, T.J.;

Potter, S.S.; et al. LungMAP: The Molecular Atlas of Lung Development Program. Am. J. Physiol. Lung Cell. Mol. Physiol. 2017,
313, L733–L740. [CrossRef]

5. Zepp, J.A.; Morrisey, E.E. Cellular crosstalk in the development and regeneration of the respiratory system. Nat. Rev. Mol. Cell
Biol. 2019, 20, 551–566. [CrossRef] [PubMed]

6. Minoo, P.; Hamdan, H.; Bu, D.; Warburton, D.; Stepanik, P.; deLemos, R. TTF-1 regulates lung epithelial morphogenesis. Dev. Biol.
1995, 172, 694–698. [CrossRef]

7. Warburton, D.; El-Hashash, A.; Carraro, G.; Tiozzo, C.; Sala, F.; Rogers, O.; De Langhe, S.; Kemp, P.J.; Riccardi, D.; Torday, J.; et al.
Lung organogenesis. Curr. Top. Dev. Biol. 2010, 90, 73–158.

8. Que, J.; Luo, X.; Schwartz, R.J.; Hogan, B.L. Multiple roles for Sox2 in the developing and adult mouse trachea. Development 2009,
136, 1899–1907. [CrossRef]

9. Lungova, V.; Thibeault, S.L. Mechanisms of larynx and vocal fold development and pathogenesis. Cell. Mol. Life Sci. 2020, 77,
3781–3795. [CrossRef]

10. Jones, M.R.; Chong, L.; Bellusci, S. Fgf10/Fgfr2b Signaling Orchestrates the Symphony of Molecular, Cellular, and Physical
Processes Required for Harmonious Airway Branching Morphogenesis. Front. Cell Dev. Biol. 2020, 8, 620667. [CrossRef]

11. Metzger, R.J.; Klein, O.D.; Martin, G.R.; Krasnow, M.A. The branching programme of mouse lung development. Nature 2008, 453,
745–750. [CrossRef] [PubMed]

12. Rosen, R.D.; Bordoni, B. Embryology, Aortic Arch; StatPearls: Treasure Island, FL, USA, 2023.
13. Schittny, J.C. Development of the lung. Cell Tissue Res. 2017, 367, 427–444. [CrossRef] [PubMed]
14. Danopoulos, S.; Alonso, I.; Thornton, M.E.; Grubbs, B.H.; Bellusci, S.; Warburton, D.; Al Alam, D. Human lung branching

morphogenesis is orchestrated by the spatiotemporal distribution of ACTA2, SOX2, and SOX9. Am. J. Physiol. Lung Cell. Mol.
Physiol. 2018, 314, L144–L149. [CrossRef] [PubMed]

15. Jeffrey, P.K. The development of large and small airways. Am. J. Respir. Crit. Care Med. 1998, 157, S174–S180. [CrossRef]
16. Mullassery, D.; Smith, N.P. Lung development. Semin. Pediatr. Surg. 2015, 24, 152–155. [CrossRef]
17. Davis, R.P.; Mychaliska, G.B. Neonatal pulmonary physiology. Semin. Pediatr. Surg. 2013, 22, 179–184. [CrossRef]
18. Sala, F.G.; Del Moral, P.M.; Tiozzo, C.; Alam, D.A.; Warburton, D.; Grikscheit, T.; Veltmaat, J.M.; Bellusci, S. FGF10 controls the

patterning of the tracheal cartilage rings via Shh. Development 2011, 138, 273–282. [CrossRef]
19. Tiozzo, C.; De Langhe, S.; Carraro, G.; Alam, D.A.; Nagy, A.; Wigfall, C.; Hajihosseini, M.K.; Warburton, D.; Minoo, P.; Bellusci, S.

Fibroblast growth factor 10 plays a causative role in the tracheal cartilage defects in a mouse model of Apert syndrome. Pediatr.
Res. 2009, 66, 386–390. [CrossRef]

20. Elluru, R.G.; Thompson, F.; Reece, A. Fibroblast growth factor 18 gives growth and directional cues to airway cartilage. Laryngo-
scope 2009, 119, 1153–1165. [CrossRef]

21. Kina, Y.P.; Khadim, A.; Seeger, W.; El Agha, E. The Lung Vasculature: A Driver or Passenger in Lung Branching Morphogenesis?
Front. Cell Dev. Biol. 2020, 8, 623868. [CrossRef]

22. Belgacemi, R.; Danopoulos, S.; Deutsch, G.; Glass, I.; Dormoy, V.; Bellusci, S.; Al Alam, D. Hedgehog Signaling Pathway
Orchestrates Human Lung Branching Morphogenesis. Int. J. Mol. Sci. 2022, 23, 5265. [CrossRef]

23. Aros, C.J.; Pantoja, C.J.; Gomperts, B.N. Wnt signaling in lung development, regeneration, and disease progression. Commun. Biol.
2021, 4, 601. [CrossRef]

24. Noe, N.; Shim, A.; Millette, K.; Luo, Y.; Azhar, M.; Shi, W.; Warburton, D.; Turcatel, G. Mesenchyme-specific deletion of Tgf-beta1
in the embryonic lung disrupts branching morphogenesis and induces lung hypoplasia. Lab. Invest. 2019, 99, 1363–1375.
[CrossRef] [PubMed]

25. Warburton, D. Conserved Mechanisms in the Formation of the Airways and Alveoli of the Lung. Front. Cell Dev. Biol. 2021, 9, 662059.
[CrossRef] [PubMed]

26. Copland, I.; Post, M. Lung development and fetal lung growth. Paediatr. Respir. Rev. 2004, 5 (Suppl. A), S259–S264. [CrossRef]

https://doi.org/10.1089/ped.2020.1205
https://www.ncbi.nlm.nih.gov/pubmed/35922031
https://doi.org/10.1242/dev.163485
https://www.ncbi.nlm.nih.gov/pubmed/30111617
https://doi.org/10.1016/S0925-4773(99)00325-1
https://www.ncbi.nlm.nih.gov/pubmed/10704888
https://doi.org/10.1152/ajplung.00139.2017
https://doi.org/10.1038/s41580-019-0141-3
https://www.ncbi.nlm.nih.gov/pubmed/31217577
https://doi.org/10.1006/dbio.1995.8080
https://doi.org/10.1242/dev.034629
https://doi.org/10.1007/s00018-020-03506-x
https://doi.org/10.3389/fcell.2020.620667
https://doi.org/10.1038/nature07005
https://www.ncbi.nlm.nih.gov/pubmed/18463632
https://doi.org/10.1007/s00441-016-2545-0
https://www.ncbi.nlm.nih.gov/pubmed/28144783
https://doi.org/10.1152/ajplung.00379.2017
https://www.ncbi.nlm.nih.gov/pubmed/28971977
https://doi.org/10.1164/ajrccm.157.5.rsaa-1
https://doi.org/10.1053/j.sempedsurg.2015.01.011
https://doi.org/10.1053/j.sempedsurg.2013.10.005
https://doi.org/10.1242/dev.051680
https://doi.org/10.1203/PDR.0b013e3181b45580
https://doi.org/10.1002/lary.20157
https://doi.org/10.3389/fcell.2020.623868
https://doi.org/10.3390/ijms23095265
https://doi.org/10.1038/s42003-021-02118-w
https://doi.org/10.1038/s41374-019-0256-3
https://www.ncbi.nlm.nih.gov/pubmed/31028279
https://doi.org/10.3389/fcell.2021.662059
https://www.ncbi.nlm.nih.gov/pubmed/34211971
https://doi.org/10.1016/S1526-0542(04)90049-8


Children 2023, 10, 1127 11 of 13

27. Hislop, A.A. Airway and blood vessel interaction during lung development. J. Anat. 2002, 201, 325–334. [CrossRef]
28. Burri, P.H. Structural aspects of postnatal lung development—Alveolar formation and growth. Neonatology 2006, 89, 313–322.

[CrossRef] [PubMed]
29. Thebaud, B.; Goss, K.N.; Laughon, M.; Whitsett, J.A.; Abman, S.H.; Steinhorn, R.H.; Aschner, J.L.; Davis, P.G.; McGrath-Morrow,

S.A.; Soll, R.F.; et al. Bronchopulmonary dysplasia. Nat. Rev. Dis. Prim. 2019, 5, 78. [CrossRef]
30. Northway, W.H., Jr.; Rosan, R.C.; Porter, D.Y. Pulmonary disease following respirator therapy of hyaline-membrane disease.

Bronchopulmonary dysplasia. N. Engl. J. Med. 1967, 276, 357–368. [CrossRef]
31. West, J.B. Mechanics of Breathing: How the lung is supported and moved. In Respiratory Physiology: The Essentials, 8th ed.; Duff,

N., Ed.; Lippincott Williams & Wilkins: Baltimore, MD, USA, 2008; pp. 95–122.
32. Lumb, A. Nunn’s Applied Respiratory Physiology, 8th ed.; Elsevier: Amsterdam, The Netherlands, 2017.
33. Bush, D.; Juliano, C.; Laitman, B.M.; Londino, A.; Spencer, C. A comprehensive, multidisciplinary approach to the evaluation of

the neonatal airway. Curr. Pediatr. Rep. 2019, 7, 107–115. [CrossRef]
34. Hysinger, E.B. Central airway issues in bronchopulmonary dysplasia. Pediatr. Pulmonol. 2021, 56, 3518–3526. [CrossRef]
35. Deoras, K.S.; Wolfson, M.R.; Searls, R.L.; Hilfer, S.R.; Shaffer, T.H. Developmental changes in tracheal structure. Pediatr. Res. 1991,

30, 170–175. [CrossRef] [PubMed]
36. Croteau, J.R.; Cook, C.D. Volume-pressure and length-tension measurements in human tracheal and bronchial segments. J. Appl.

Physiol. 1961, 16, 170–172. [CrossRef] [PubMed]
37. Panitch, H.B.; Allen, J.L.; Alpert, B.E.; Schidlow, D.V. Effects of CPAP on lung mechanics in infants with acquired tracheobron-

chomalacia. Am. J. Respir. Crit. Care Med. 1994, 150, 1341–1346. [CrossRef] [PubMed]
38. Okazawa, M.; Wakai, Y.; Osborne, S.; Pare, P.D.; Road, J.D. Effect of vagal stimulation and parenteral acetylcholine on canine

trachealis muscle shortening. J. Appl. Physiol. 1992, 72, 2463–2468. [CrossRef]
39. Panitch, H.B.; Deoras, K.S.; Wolfson, M.R.; Shaffer, T.H. Maturational changes in airway smooth muscle structure-function

relationships. Pediatr. Res. 1992, 31, 151–156. [CrossRef] [PubMed]
40. Panitch, H.B.; Allen, J.L.; Ryan, J.P.; Wolfson, M.R.; Shaffer, T.H. A comparison of preterm and adult airway smooth muscle

mechanics. J. Appl. Physiol. 1989, 66, 1760–1765. [CrossRef]
41. Gunatilaka, C.C.; Higano, N.S.; Hysinger, E.B.; Gandhi, D.B.; Fleck, R.J.; Hahn, A.D.; Fain, S.B.; Woods, J.C.; Bates, A.J. Increased

Work of Breathing due to Tracheomalacia in Neonates. Ann. Am. Thorac. Soc. 2020, 17, 1247–1256. [CrossRef]
42. Snijders, D.; Barbato, A. An Update on Diagnosis of Tracheomalacia in Children. Eur. J. Pediatr. Surg. 2015, 25, 333–335.
43. Vijayasekaran, S.; Lioy, J.; Maschhoff, K. Airway disorders of the fetus and neonate: An overview. Semin. Fetal Neonatal Med. 2016,

21, 220–229. [CrossRef]
44. Allen, J.L.; Greenspan, J.S.; Deoras, K.S.; Keklikian, E.; Wolfson, M.R.; Shaffer, T.H. Interaction between chest wall motion and

lung mechanics in normal infants and infants with bronchopulmonary dysplasia. Pediatr. Pulmonol. 1991, 11, 37–43. [CrossRef]
45. Deoras, K.S.; Wolfson, M.R.; Bhutani, V.K.; Shaffer, T.H. Structural changes in the tracheae of preterm lambs induced by ventilation.

Pediatr. Res. 1989, 26, 434–437. [CrossRef] [PubMed]
46. Penn, R.B.; Wolfson, M.R.; Shaffer, T.H. Effect of ventilation on mechanical properties and pressure-flow relationships of immature

airways. Pediatr. Res. 1988, 23, 519–524. [CrossRef] [PubMed]
47. Thomas, R.E.; Rao, S.C.; Minutillo, C.; Vijayasekaran, S.; Nathan, E.A. Severe acquired subglottic stenosis in neonatal intensive

care graduates: A case-control study. Arch. Dis. Child Fetal Neonatal Ed. 2018, 103, F349–F354. [CrossRef]
48. Walner, D.L.; Loewen, M.S.; Kimura, R.E. Neonatal subglottic stenosis--incidence and trends. Laryngoscope 2001, 111, 48–51.

[CrossRef]
49. Holzki, J.; Brown, K.A.; Carroll, R.G.; Cote, C.J. The anatomy of the pediatric airway: Has our knowledge changed in 120 years?

A review of historic and recent investigations of the anatomy of the pediatric larynx. Paediatr. Anaesth. 2018, 28, 13–22. [CrossRef]
50. Rutter, M.; Kuo, I.C. Predicting and managing the development of subglottic stenosis following intubation in children. J. Pediatr.

2020, 96, 1–3. [CrossRef] [PubMed]
51. Higano, N.S.; Bates, A.J.; Gunatilaka, C.C.; Hysinger, E.B.; Critser, P.J.; Hirsch, R.; Woods, J.C.; Fleck, R.J. Bronchopulmonary

dysplasia from chest radiographs to magnetic resonance imaging and computed tomography: Adding value. Pediatr. Radiol. 2022,
52, 643–660. [CrossRef]

52. Upadhyay, K.; Vallarino, D.A.; Talati, A.J. Outcomes of neonates with tracheostomy secondary to bronchopulmonary dysplasia.
BMC Pediatr. 2020, 20, 414. [CrossRef]

53. Amin, R.S.; Rutter, M.J. Airway Disease and Management in Bronchopulmonary Dysplasia. Clin. Perinatol. 2015, 42, 857–870.
[CrossRef]

54. Eichenwald, E.C.; Committee On Fetus And Newborn; Cummings, J.J.; Aucott, S.W.; Goldsmith, J.P.; Hand, I.L.; Juul, S.E.;
Poindexter, B.B.; Puopolo, K.M.; Stewart, D.L. Diagnosis and Management of Gastroesophageal Reflux in Preterm Infants.
Pediatrics 2018, 142, e20181061. [CrossRef] [PubMed]

55. Maresh, A.; Preciado, D.A.; O’Connell, A.P.; Zalzal, G.H. A comparative analysis of open surgery vs endoscopic balloon dilation
for pediatric subglottic stenosis. JAMA Otolaryngol. Head Neck Surg. 2014, 140, 901–905. [CrossRef] [PubMed]

56. Wu, K.Y.; Jensen, E.A.; White, A.M.; Wang, Y.; Biko, D.M.; Nilan, K.; Fraga, M.V.; Mercer-Rosa, L.; Zhang, H.; Kirpalani, H.
Characterization of Disease Phenotype in Very Preterm Infants with Severe Bronchopulmonary Dysplasia. Am. J. Respir. Crit.
Care Med. 2020, 201, 1398–1406. [CrossRef] [PubMed]

https://doi.org/10.1046/j.1469-7580.2002.00097.x
https://doi.org/10.1159/000092868
https://www.ncbi.nlm.nih.gov/pubmed/16770071
https://doi.org/10.1038/s41572-019-0127-7
https://doi.org/10.1056/NEJM196702162760701
https://doi.org/10.1007/s40124-019-00199-0
https://doi.org/10.1002/ppul.25417
https://doi.org/10.1203/00006450-199108000-00010
https://www.ncbi.nlm.nih.gov/pubmed/1896262
https://doi.org/10.1152/jappl.1961.16.1.170
https://www.ncbi.nlm.nih.gov/pubmed/13696635
https://doi.org/10.1164/ajrccm.150.5.7952562
https://www.ncbi.nlm.nih.gov/pubmed/7952562
https://doi.org/10.1152/jappl.1992.72.6.2463
https://doi.org/10.1203/00006450-199202000-00012
https://www.ncbi.nlm.nih.gov/pubmed/1542544
https://doi.org/10.1152/jappl.1989.66.4.1760
https://doi.org/10.1513/AnnalsATS.202002-162OC
https://doi.org/10.1016/j.siny.2016.03.004
https://doi.org/10.1002/ppul.1950110107
https://doi.org/10.1203/00006450-198911000-00014
https://www.ncbi.nlm.nih.gov/pubmed/2682500
https://doi.org/10.1203/00006450-198805000-00017
https://www.ncbi.nlm.nih.gov/pubmed/3164470
https://doi.org/10.1136/archdischild-2017-312962
https://doi.org/10.1097/00005537-200101000-00009
https://doi.org/10.1111/pan.13281
https://doi.org/10.1016/j.jped.2019.04.001
https://www.ncbi.nlm.nih.gov/pubmed/31029682
https://doi.org/10.1007/s00247-021-05250-1
https://doi.org/10.1186/s12887-020-02324-1
https://doi.org/10.1016/j.clp.2015.08.011
https://doi.org/10.1542/peds.2018-1061
https://www.ncbi.nlm.nih.gov/pubmed/29915158
https://doi.org/10.1001/jamaoto.2014.1742
https://www.ncbi.nlm.nih.gov/pubmed/25170960
https://doi.org/10.1164/rccm.201907-1342OC
https://www.ncbi.nlm.nih.gov/pubmed/31995403


Children 2023, 10, 1127 12 of 13

57. Hysinger, E.; Friedman, N.; Jensen, E.; Zhang, H.; Piccione, J. Bronchoscopy in neonates with severe bronchopulmonary dysplasia
in the NICU. J. Perinatol. 2019, 39, 263–268. [CrossRef]

58. Su, Y.-T.; Chiu, C.-C.; Lai, S.-H.; Hsia, S.-H.; Lin, J.-J.; Chan, O.-W.; Chiu, C.-Y.; Tseng, P.-L.; Lee, E.-P. Risk Factors for Tracheobron-
chomalacia in Preterm Infants With Bronchopulmonary Dysplasia. Front. Pediatr. 2021, 9, 697470. [CrossRef]

59. Wallis, C.; Alexopoulou, E.; Anton-Pacheco, J.L.; Bhatt, J.M.; Bush, A.; Chang, A.B.; Charatsi, A.-M.; Coleman, C.; Depiazzi, J.;
Douros, K.; et al. ERS statement on tracheomalacia and bronchomalacia in children. Eur. Respir. J. 2019, 54, 1900382. [CrossRef]

60. Hysinger, E.B.; Panitch, H.B. Paediatric Tracheomalacia. Paediatr. Respir. Rev. 2016, 17, 9–15. [CrossRef]
61. Panitch, H.B.; Keklikian, E.N.; Motley, R.A.; Wolfson, M.R.; Schidlow, D.V. Effect of altering smooth muscle tone on maximal

expiratory flows in patients with tracheomalacia. Pediatr. Pulmonol. 1990, 9, 170–176. [CrossRef]
62. Pan, W.; Peng, D.; Luo, J.; Liu, E.; Luo, Z.; Dai, J.; Fu, Z.; Li, Q.; Huang, Y. Clinical features of airway malacia in children: A

retrospective analysis of 459 patients. Int. J. Clin. Exp. Med. 2014, 7, 3005–3012.
63. Aslam, A.; De Luis Cardenas, J.; Morrison, R.J.; Lagisetty, K.H.; Litmanovich, D.; Sella, E.C.; Lee, E.; Agarwal, P. Tracheobron-

chomalacia and Excessive Dynamic Airway Collapse: Current Concepts and Future Directions. Radiographics 2022, 42, 1012–1027.
[CrossRef]

64. Murgu, S.D.; Colt, H.G. Tracheobronchomalacia and excessive dynamic airway collapse. Respirology 2006, 11, 388–406. [CrossRef]
[PubMed]

65. Dawson, S.V.; Elliott, E.A. Wave-speed limitation on expiratory flow-a unifying concept. J. Appl. Physiol. Respir. Environ. Exerc.
Physiol. 1977, 43, 498–515. [CrossRef] [PubMed]

66. Vicencio, A.G.; Piccione, J. Lights, Camera, Action: Airway Dynamics Takes Center Stage. Chest 2020, 157, 489–490. [CrossRef]
[PubMed]

67. Smith, L.J.; McKay, K.O.; van Asperen, P.P.; Selvadurai, H.; Fitzgerald, D.A. Normal development of the lung and premature
birth. Paediatr. Respir. Rev. 2010, 11, 135–142. [CrossRef]

68. Jobe, A.H.; Bancalari, E. Bronchopulmonary dysplasia. Am. J. Respir. Crit. Care Med. 2001, 163, 1723–1729. [CrossRef]
69. Royce, S.G.; Nold, M.F.; Bui, C.; Donovan, C.; Lam, M.; Lamanna, E.; Rudloff, I.; Bourke, J.E.; Nold-Petry, C.A. Airway Remodeling

and Hyperreactivity in a Model of Bronchopulmonary Dysplasia and Their Modulation by IL-1 Receptor Antagonist. Am. J.
Respir. Cell Mol. Biol. 2016, 55, 858–868. [CrossRef]

70. Ha, A.W.; Sudhadevi, T.; Ebenezer, D.L.; Fu, P.; Berdyshev, E.V.; Ackerman, S.J.; Natarajan, V.; Harijith, A. Neonatal ther-
apy with PF543, a sphingosine kinase 1 inhibitor, ameliorates hyperoxia-induced airway remodeling in a murine model of
bronchopulmonary dysplasia. Am. J. Physiol. Lung Cell. Mol. Physiol. 2020, 319, L497–L512. [CrossRef]

71. Surate Solaligue, D.E.; Rodriguez-Castillo, J.A.; Ahlbrecht, K.; Morty, R.E. Recent advances in our understanding of the
mechanisms of late lung development and bronchopulmonary dysplasia. Am. J. Physiol. Lung Cell. Mol. Physiol. 2017, 313,
L1101–L1153. [CrossRef]

72. Martin, C.; Frija, J.; Burgel, P.R. Dysfunctional lung anatomy and small airways degeneration in COPD. Int. J. Chron. Obstruct.
Pulmon. Dis. 2013, 8, 7–13.

73. McGrath-Morrow, S.A.; Collaco, J.M. Bronchopulmonary dysplasia: What are its links to COPD? Ther. Adv. Respir. Dis. 2019,
13, 1753466619892492. [CrossRef]

74. Shepherd, E.G.; Clouse, B.J.; Hasenstab, K.A.; Sitaram, S.; Malleske, D.T.; Nelin, L.D.; Jadcherla, S.R. Infant Pulmonary Function
Testing and Phenotypes in Severe Bronchopulmonary Dysplasia. Pediatrics 2018, 141, e20173350. [CrossRef]

75. Nelin, L.D.; Kielt, M.J.; Jebbia, M.; Jadcherla, S.; Shepherd, E.G. Bronchodilator responsiveness and dysanapsis in bronchopul-
monary dysplasia. ERJ Open Res. 2022, 8, 682–2021. [CrossRef]

76. Satrell, E.; Clemm, H.; Roksund, O.D.; Hufthammer, K.O.; Thorsen, E.; Halvorsen, T.; Vollsæter, M. Development of lung diffusion
to adulthood following extremely preterm birth. Eur. Respir. J. 2022, 59, 2004103. [CrossRef] [PubMed]

77. Bardsen, T.; Roksund, O.D.; Eagan, T.M.; Hufthammer, K.O.; Benestad, M.R.; Clemm, H.S.; Halvorsen, T.; Vollsæter, M. Impaired
Lung Function in Extremely Preterm-Born Adults in Their Fourth Decade of Life. Am. J. Respir. Crit. Care Med. 2023. [CrossRef]

78. Bardsen, T.; Roksund, O.D.; Benestad, M.R.; Hufthammer, K.O.; Clemm, H.H.; Mikalsen, I.B.; Øymar, K.; Markestad, T.; Halvorsen,
T.; Vollsæter, M. Tracking of lung function from 10 to 35 years after being born extremely preterm or with extremely low birth
weight. Thorax 2022, 77, 790–798. [CrossRef]

79. Doyle, L.W. Respiratory function at age 8–9 years in extremely low birthweight/very preterm children born in Victoria in
1991–1992. Pediatr. Pulmonol. 2006, 41, 570–576. [CrossRef] [PubMed]

80. Thunqvist, P.; Tufvesson, E.; Bjermer, L.; Winberg, A.; Fellman, V.; Domellof, M.; Melén, E.; Norman, M.; Hallberg, J. Lung
function after extremely preterm birth-A population-based cohort study (EXPRESS). Pediatr. Pulmonol. 2018, 53, 64–72. [CrossRef]

81. Simpson, S.J.; Turkovic, L.; Wilson, A.C.; Verheggen, M.; Logie, K.M.; Pillow, J.J.; Hall, G.L. Lung function trajectories throughout
childhood in survivors of very preterm birth: A longitudinal cohort study. Lancet Child Adolesc. Health 2018, 2, 350–359. [CrossRef]

82. Doyle, L.W.; Andersson, S.; Bush, A.; Cheong, J.L.Y.; Clemm, H.; Evensen, K.A.I.; Gough, A.; Halvorsen, T.; Hovi, P.;
Kajantie, E.; et al. Expiratory airflow in late adolescence and early adulthood in individuals born very preterm or with very low
birthweight compared with controls born at term or with normal birthweight: A meta-analysis of individual participant data.
Lancet Respir. Med. 2019, 7, 677–686. [CrossRef] [PubMed]

83. Urs, R.; Kotecha, S.; Hall, G.L.; Simpson, S.J. Persistent and progressive long-term lung disease in survivors of preterm birth.
Paediatr. Respir. Rev. 2018, 28, 87–94. [CrossRef]

https://doi.org/10.1038/s41372-018-0280-y
https://doi.org/10.3389/fped.2021.697470
https://doi.org/10.1183/13993003.00382-2019
https://doi.org/10.1016/j.prrv.2015.03.002
https://doi.org/10.1002/ppul.1950090309
https://doi.org/10.1148/rg.210155
https://doi.org/10.1111/j.1440-1843.2006.00862.x
https://www.ncbi.nlm.nih.gov/pubmed/16771908
https://doi.org/10.1152/jappl.1977.43.3.498
https://www.ncbi.nlm.nih.gov/pubmed/914721
https://doi.org/10.1016/j.chest.2019.11.026
https://www.ncbi.nlm.nih.gov/pubmed/32145802
https://doi.org/10.1016/j.prrv.2009.12.006
https://doi.org/10.1164/ajrccm.163.7.2011060
https://doi.org/10.1165/rcmb.2016-0031OC
https://doi.org/10.1152/ajplung.00169.2020
https://doi.org/10.1152/ajplung.00343.2017
https://doi.org/10.1177/1753466619892492
https://doi.org/10.1542/peds.2017-3350
https://doi.org/10.1183/23120541.00682-2021
https://doi.org/10.1183/13993003.04103-2020
https://www.ncbi.nlm.nih.gov/pubmed/34625479
https://doi.org/10.1164/rccm.202303-0448LE
https://doi.org/10.1136/thoraxjnl-2021-218400
https://doi.org/10.1002/ppul.20412
https://www.ncbi.nlm.nih.gov/pubmed/16617453
https://doi.org/10.1002/ppul.23919
https://doi.org/10.1016/S2352-4642(18)30064-6
https://doi.org/10.1016/S2213-2600(18)30530-7
https://www.ncbi.nlm.nih.gov/pubmed/31078498
https://doi.org/10.1016/j.prrv.2018.04.001


Children 2023, 10, 1127 13 of 13

84. Ioan, I.; Gemble, A.; Hamon, I.; Schweitzer, C.; Metche, S.; Bonabel, C.; Nguyen-thi, P.L.; Hascoet, J.-M.; Demoulin-Alexikova, S.;
Marchal, F.; et al. Expiratory Flow—Vital Capacity: Airway—Lung Dysanapsis in 7 Year Olds Born Very Preterm? Front. Physiol.
2018, 9, 650. [CrossRef] [PubMed]

85. Bui, D.S.; Perret, J.L.; Walters, E.H.; Lodge, C.J.; Bowatte, G.; Hamilton, G.S.; Thompson, B.R.; Frith, P.; Erbas, B.; Thomas, P.S.; et al.
Association between very to moderate preterm births, lung function deficits, and COPD at age 53 years: Analysis of a prospective
cohort study. Lancet Respir. Med. 2022, 10, 478–484. [CrossRef]

86. Broström, E.B.; Thunqvist, P.; Adenfelt, G.; Borling, E.; Katz-Salamon, M. Obstructive lung disease in children with mild to severe
BPD. Respir. Med. 2010, 104, 362–370. [CrossRef] [PubMed]

87. Spielberg, D.R.; Walkup, L.L.; Stein, J.M.; Crotty, E.J.; Rattan, M.S.; Hossain, M.M.; Brody, A.S.; Woods, J.C. Quantitative CT scans
of lung parenchymal pathology in premature infants ages 0–6 years. Pediatr. Pulmonol. 2018, 53, 316–323. [CrossRef] [PubMed]

88. Simpson, S.J.; Logie, K.M.; O’Dea, C.A.; Banton, G.L.; Murray, C.; Wilson, A.C.; Pillow, J.J.; Hall, G.L. Altered lung structure and
function in mid-childhood survivors of very preterm birth. Thorax 2017, 72, 702–711. [CrossRef]

89. Ronkainen, E.; Perhomaa, M.; Mattila, L.; Hallman, M.; Dunder, T. Structural Pulmonary Abnormalities Still Evident in
Schoolchildren with New Bronchopulmonary Dysplasia. Neonatology 2018, 113, 122–130. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fphys.2018.00650
https://www.ncbi.nlm.nih.gov/pubmed/29896122
https://doi.org/10.1016/S2213-2600(21)00508-7
https://doi.org/10.1016/j.rmed.2009.10.008
https://www.ncbi.nlm.nih.gov/pubmed/19906521
https://doi.org/10.1002/ppul.23921
https://www.ncbi.nlm.nih.gov/pubmed/29266864
https://doi.org/10.1136/thoraxjnl-2016-208985
https://doi.org/10.1159/000481356

	Overview of Airway Development 
	The Large Airways 
	Subglottic Stenosis 
	Tracheomalacia and Bronchomalacia 

	The Small Airways 
	Conclusions 
	References

