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Preface

Premature birth has lifelong consequences for respiratory health. These conse-
quences have long been recognized for the extreme premature infants, especially the 
early life morbidities associated with bronchopulmonary dysplasia (BPD) in very 
low birthweight (VLBW) infants. Additionally, a growing body of data indicates 
lifelong sequelae of prematurity in moderately preterm and late-preterm infants 
(32–37 weeks gestation). Lung parenchyma, vasculature, and airways are affected. 
With at least one in ten people in the United States born preterm, the long-lasting 
sequelae of prematurity may impact persons of all ages. This book is intended for 
physicians and nurses caring for these patients. We take an evidence-based approach, 
highlighting both what is known and where further research is needed.

The chapters are written by neonatologists, pediatric and adult pulmonologists, 
and otolaryngologists with expertise in the care of patients born preterm. This range 
of authors highlights the variety of known or latent effects of prematurity on the 
respiratory system throughout the life span. The chapters present complementary 
perspectives, from bench research to population-based studies. We address the anat-
omy, physiology, epidemiology, and public health consequences of the respiratory 
sequelae of prematurity. We summarize proven strategies for prevention and treat-
ment, as well as highlight key knowledge gaps.

In Chap. 1, Drs. Mcgrath-Morrow and Collaco provide an overview of the clini-
cal problems facing the preterm respiratory system. The next two chapters tackle the 
problem of wheezing in persons born prematurely, highlighting epidemiologic data 
and risk factors (Dr. Vrijilandt) and pathophysiology based on airway and neuronal 
development pre- and postnatally (Drs. Martin and Raffay). Chapters 4 and 5 
address the problem of BPD. Dr. Keller reviews the utility and limitations of differ-
ent clinical and research definitions of BPD. Drs. Bancalari and Wu then go on to 
describe normal lung development and the structural and functional derangements 
seen with prematurity, with a focus on BPD.  In Chap. 6, Drs. Davis, Ren, and 
Cristea address the different testing modalities available to assess airway and lung 
disease from infancy to adolescence. Chapter 7 provides a key resource for caregiv-
ers of adolescent of adolescent and adult patients; Drs. Bush and Bolton review the 
long-term sequelae of prematurity that may impact the lung and respiratory system, 
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even into the geriatric years and highlight potential relationship to COPD. Public 
health aspects of prematurity are addressed in Chaps. 8 and 9. Dr. Lorch reviews the 
public health impact of prematurity and Dr. McEvoy addresses primary prevention 
strategies for prematurity-associated respiratory diseases. Chapter 10, written by 
Drs. Redline and Ross, reviews the myriad changes in sleep associated with prema-
turity, as experienced throughout different life stages. In Chap. 11,  Drake, 
Fleischman, and McClain address aspects of large airway abnormalities from the 
ENT perspective with emphasis on the sequelae of prematurity. Dr. Abman reviews 
the pathophysiology and therapies for BPD-associated pulmonary hypertension in 
Chap. 12. Finally, Drs. Sanchez, Wozniak, and Moallem review the role of infection 
in augmenting pulmonary pathology in preterm infants, as well as the subsequent 
vulnerability of preterm infants to infection.

The care of patients born preterm requires an awareness of how prematurity may 
impact respiratory health throughout the lifetime. Whether the patient is an infant 
with BPD dependent on home oxygen, a young child with wheezing, or an adult 
with early symptoms of COPD, their care will be enhanced by understanding the 
pathophysiology and prognosis of prematurity-related diseases. This book serves as 
a valuable compendium for those caring for patients or engaging in research, as well 
as a call for future research to better understand how prematurity can impact pulmo-
nary health and how these processes can best be treated and prevented.

Cleveland, OH, USA� Anna Maria Hibbs
Chapel Hill, NC, USA� Marianne S. Muhlebach
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The Problem of the Preterm Lung: Definitions, 
History, and Epidemiology

Joseph M. Collaco and Sharon A. McGrath-Morrow

�Lung Parenchymal Disease

The archetypal lung disease in preterm infants and one of the more common com-
plications of preterm birth is bronchopulmonary dysplasia (BPD), which may 
include both parenchymal and small airway components. Common clinical mani-
festations of BPD include hypoxia, hypercarbia, tachypnea, and asthma-like 
symptoms [7]. “Classic” or “old” BPD was first described in 1967 by Northway 
et al. [8], and was characterized by inflammation with airway injury and alveolar 
fibrosis. Over time, BPD has evolved (“new” BPD), particularly with use of newer 
ventilation strategies and exogenous surfactant, to a phenotype characterized by 
fewer and larger simplified alveoli with dysnaptic growth of the pulmonary vas-
cular bed [9, 10]. Although several definitions of BPD or chronic lung disease of 
prematurity have been used since 1967 [11], currently the most widely agreed 
upon definition of BPD was developed at a NICHD workshop published in 2001 
[12]. At this workshop, the diagnosis and severity of BPD in premature infants 
were based on gestational age (<32 weeks or ≥32 weeks) and need for oxygen 
and/or respiratory support at specified time points. This definition was subse-
quently validated in 2005 [11]. It should be recognized that this oxygen-based 
definition could overestimate or underestimate the incidence of BPD as goal oxy-
gen saturations remain controversial [13, 14] and can vary among clinical centers 
[15]. Additionally, this oxygen-based definition may overestimate the incidence 
of BPD in clinical sites at higher altitudes where the partial pressure of oxygen is 
decreased [16, 17]. Furthermore, many preterm infants are placed on supplemen-
tal oxygen for apnea of prematurity who may or may not have moderate or severe 
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BPD. In addition, these criteria do not define the BPD severity with reference to 
emerging respiratory support technologies, such as high-flow nasal cannulas.

In comparison to many of the other pulmonary manifestations of prematurity, 
more data exist on the epidemiology of BPD. Approximately 25 % of infants born 
with a birth weight of less than 1500 g are diagnosed with BPD [18], although the 
frequency of BPD reported may vary by center [5, 18]. Assuming that 1.4 % births 
in the United States annually are born with a birth weight less than 1500 g [4], this 
extrapolates to 14,000 infants who develop BPD in the United States annually. 
Although rates for preterm births have declined slightly in recent years [4], rates of 
BPD may not be mirroring this decline [19].

Infants with BPD frequently experience hypoxemia and many require supple-
mental oxygen at home, usually delivered via nasal cannula. A validation study of 
the NICHD BPD criteria in 4866 infants born at less than 32 weeks gestation and 
weighing less than 1000 g at birth observed that 2.8 % of infants with no or mild 
BPD were discharged on oxygen, while 64.4 % of those with moderate or severe 
BPD were discharged to home on supplemental oxygen [11]. These data would sug-
gest that 31.6 % of these extremely low birth weight preterm infants are discharged 
to home on oxygen. Also, in this validation study, infants with no BPD or mild/
moderate BPD were discontinued from home-supplemental oxygen between 
7–8 months of age on average, whereas infants with severe BPD were discontinued 
from oxygen at 9.7 months of age [11].

Infants and children with the most severe BPD resulting in chronic respiratory 
failure may require tracheostomy placement for long-term ventilation with varying 
published estimates on the incidence. A 2010 study from Riley Children’s Hospital 
estimated the incidence to be 4.77 per 100,000 live births with a median duration of 
home ventilator support of 24 months of age [20], which extrapolates to 400 patients 
with BPD on home ventilation in the United States at any given time. However, a 
2011 study from the Ventilator Assisted Children’s Home Program in Pennsylvania 
estimated that 8000 children in the United States are receiving home-invasive ven-
tilation, and in this program, 36 % of ventilator-dependent children have chronic 
lung disease, with 77  % of these diagnosed with BPD [21], which extrapolates 
approximately 2200 patients with BPD on home ventilation in the United States at 
any given time. One single site study of 102 infants with BPD requiring home ven-
tilation found an 81.4 % survival rate with 83.1 % of survivors being weaned from 
ventilation at a median age of 24 months, and 87.0 % of those weaned from ventila-
tion being decannulated at a median age of 37.5 months [20].

Contributing to the difficulty of formulating algorithms for the management of 
BPD is its multifactorial development. Identified risk factors certainly include ges-
tational age at birth, with infants born at earlier gestational ages experiencing a 
higher incidence of BPD [19]. Fetal growth also plays a role as infants with lower 
birth weights corrected for gestational age (fetal growth restriction) have higher 
rates of BPD [22, 23], and a large Swedish cohort found a 2.7 times higher risk of 
developing BPD with being born small for gestational age (2 standard deviations 
below the mean) [24]. Some prenatal risk factors for the development of BPD could 
include preeclampsia [25, 26], chorioamnionitis [26, 27], and the premature rupture 
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of membranes [24, 28]. However, there remains controversy regarding the role of 
preeclampsia, as other studies have found preeclampsia to be protective [29] or not 
a risk factor at all [23, 30]. Likewise, studies of chorioamnionitis as a risk factor 
have also produced conflicting results [31, 32]. Postnatal risk factors may include 
patent ductus arteriosus [24, 33, 34] (and again, this is not definitively clear) [35], 
late-onset infections [24, 34, 36], pneumothorax [24], and mechanical ventilation 
[24, 34, 37]. In terms of postnatal therapies that may alter the incidence of BPD, 
retrospective data suggest that prophylactic use of caffeine within the first few days 
of life may reduce the likelihood of developing BPD [38–40]. However, while ante-
natal corticosteroids administered to women at risk of preterm birth can accelerate 
fetal lung maturation [41], neither the use of postnatal systemic or inhaled cortico-
steroids has been shown to reduce the incidence of BPD [42–45].

In addition, genetic factors may predispose individual infants to develop BPD 
based on heritability studies of twins [46, 47], but genomewide association studies 
have not confirmed positive findings from candidate gene studies [48]. Three 
genomewide association studies have been performed among infants with BPD, and 
one performed in European and African populations identified SPOCK2, which 
may have a potential role in alveolar development, to be associated with BPD [49], 
but two North American studies did not identify any SNPs meeting genomewide 
significance, including SPOCK2 [50, 51]. Pathway analyses in one of the GWAS 
studies found an association with BPD and known pathways of lung development 
and repair (CD44, phosphorus oxygen lyase activity) as well as novel pathways 
(adenosine deaminase, targets of miR-219) [51]. In addition to genetic factors, an 
emerging risk factor for the development of BPD may be epigenetic changes (non-
nucleotide changes to the genome) that alter gene expression [52]. One study of 
umbilical cord blood demonstrated that preterm infants that developed BPD had 
distinct patterns of chromatin remodeling and histone acetylation pathways com-
pared to those who did not (n = 54) [53].

�Small Airways Disease

Another frequently seen pulmonary sequelae of preterm infants is small airways 
disease, which is often secondary to BPD, and can manifest as wheezing and cough-
ing among patients of all ages, and obstructive findings on pulmonary function test-
ing in older children. Computed tomography of the chest in preterm children with a 
prior history of BPD may reveal emphysema, hyperexpansion, and fibrous/intersti-
tial changes [54].

Objective data regarding the incidence of small airways disease in infants are 
difficult to capture, as infant pulmonary function testing is only available in a small 
number of centers and carries the risks attendant to sedating an infant with known 
respiratory disease. In older children, spirometry can routinely be carried out as a 
marker of obstructive lung function secondary to small airways disease. A meta-
analysis of lung function in former preterm and full-term infants published in 2013 
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demonstrated that the percent predicted forced expiratory volume in 1 s (FEV1), a 
commonly used marker of obstructive lung disease, in former preterm infants has 
been steadily improving in later birth cohorts, although still is approximately 90 % 
that of former full-term infants [55].

Although the small airways disease associated with prematurity is not necessar-
ily equivalent to asthma, the prototypical obstructive lung disorder in children, the 
diagnosis of asthma can serve as a marker of small airways disease among preterm 
infants. Although the risk of asthma is highest in preterm infants born at ≤32 weeks 
gestation (adjusted OR: 3.9) compared to full-term infants born at 39–40 weeks 
gestation, even late preterm infants born at 33–36 weeks gestation and early term 
infants born at 37–38 weeks gestation may be at higher risk as well (adjusted ORs: 
1.7 and 1.2, respectively) [56]. It should be noted that the association between 
asthma and late preterm births has not been consistently observed [57], and that the 
strength of this association may decrease with age [58]. Nevertheless, given that the 
prevalence of asthma is 9.5 % among children aged 0–17 years within the general 
population in the United States [59] and there is an increased odds ratio of asthma 
of ~3.9 among early preterm infants [56, 58], the prevalence of asthma among these 
infants may approach 40 %.

�Large Airways Disease

Large airways disease in preterm infants is most likely to manifest as tracheomala-
cia and/or bronchomalacia. Typically, infants with large airway malacia present 
with respiratory distress (often with abrupt cyanosis), or persistent atelectasis or 
hyperinflation on imaging [60, 61]. A common clinical scenario of infants with 
severe large airway malacia may be the onset of sudden respiratory distress and 
profound desaturations in the setting of agitation or vagal stimulation, and may 
require use of a bag valve mask for resuscitation.

In terms of the epidemiology of large airway disease in preterm infants, the prev-
alence is less well characterized and may be underdiagnosed, perhaps due to the 
difficulties in diagnosis. Classically, direct visualization with bronchoscopy is uti-
lized for diagnosis, which may not be readily available at all NICUs, and may 
include the attendant risks of sedation and intubation. Newer modalities of imaging, 
such as CT scanning, may be helpful in the diagnosis of evaluating tracheomalacia 
[62], but may be only available at select tertiary care institutions and may not be 
reliable in all patients [61].

One prospective study of 117 preterm infants with a history of intubation for 
>7 days found that 16.2 % had tracheomalacia, which was associated with severe 
BPD, hypercarbia, and apnea [63]. Of these patients with moderate to severe tra-
cheomalacia, 21 % required tracheostomies for management.

J.M. Collaco and S.A. McGrath-Morrow
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�Vascular Disease

Over the past decade, there has been emerging recognition of pulmonary vascular 
disease in preterm infants in the form of pulmonary hypertension, which is defined 
as a resting mean pulmonary artery pressure >25 mm Hg after 2–3 months of age 
[64]. Pulmonary hypertension in preterm infants is almost always associated with 
severe lung disease and secondary to a reactive or diminished pulmonary vascular 
bed, a fact reflected in recent international classifications of pulmonary hyperten-
sion [65–67]. However, pulmonary hypertension can also be secondary to cardio-
vascular lesions; for example, pulmonary vein stenosis has also been reported in 
preterm infants with pulmonary hypertension and can be associated with poorer 
outcomes [68, 69]. Although the gold standard for diagnosis of pulmonary hyper-
tension is cardiac catheterization [64], many cases are screened or diagnosed via 
echocardiograms. Among young children with chronic lung disease, including 
BPD, echocardiography has been shown to diagnose pulmonary hypertension, but 
may not be reliable in determining severity [70].

Pulmonary hypertension in preterm infants can manifest as persistent BPD 
symptoms poorly responsive to therapies or evidence of right heart insufficiency or 
failure [71]. Also, patients with baseline pulmonary hypertension can experience 
acute hypertensive crises, which present with an acute increase in work of breath-
ing, hypoxemia, and/or, in the most severe instances, cardiorespiratory failure or 
arrest [71]. These sometimes life-threatening episodes can be triggered by anesthe-
sia induction [72] or respiratory tract infections [73], possibly through changes in 
gas exchange leading to hypoxemia or hypercarbia [74–76].

Prospective and retrospective studies have demonstrated a range in prevalence of 
pulmonary hypertension ranging from 14 to 43 % of preterm infants with BPD [77–
82]. Unfortunately, the mortality with patients with pulmonary hypertension remains 
high, ranging from 14 to 38 % [77–82]. In addition, these patients also experience 
additional morbidity in the form of longer initial hospital stays, with infants with 
pulmonary hypertension having a 2.2 month longer initial NICU admission com-
pared to infants with BPD without pulmonary hypertension, which may result in at 
least an additional $198,000 in health care expenditures [83].

Pulmonary hypertension likely arises from a series of complex interactions 
between multiple factors, including genetic and prenatal/postnatal environmental 
factors [84]. These factors may include alterations in angiogenic pathways [85–88], 
possible genetic modifiers [46, 89], intrauterine growth [78, 81, 90–92], oligohy-
dramnios [79, 92], patent ductus arteriosus [77], and placental vascularity [93, 94]. 
Although most cases of pulmonary hypertension arise as a function of reactive or 
diminished pulmonary vascular bed, pulmonary hypertension can occur as a func-
tion of pulmonary vein stenosis [68, 69], for which umbilical catheters may be a risk 
factor [95].

﻿The Problem of the Preterm Lung
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�Control of Breathing

Infants born prematurely frequently demonstrate issues with immature control of 
breathing manifesting as central apneas. These apneas, if prolonged, can be accom-
panied by bradycardia and oxygen desaturations. The oxygen desaturations may be 
more prominent in infants with poor pulmonary reserve (i.e., parenchymal disease) 
and can occur with brief central apneas that last only a few seconds [96]. In addi-
tion, preterm infants with BPD may have blunted chemoreflex responses to both 
hypoxia [97] and/or hyperoxia [98]. Limited data suggest that infants with a history 
of posthemorrhagic hydrocephalus are more likely to have apneic events [99, 100], 
and certainly untreated or inadequately treated elevated intracranial pressures from 
hydrocephalus may cause bradypnea or apnea.

Although central apneas may be isolated events, they also may occur in rapid 
successive sequence with periodic breathing. Periodic breathing is commonly 
observed in infants, including preterm infants, but may frequently lead to oxygen 
desaturations in preterm infants [101]. The incidence of disordered control of 
breathing is likely underestimated, as the use of supplemental oxygen or augmented 
airflow may also mask control of breathing abnormalities [102]. Nevertheless, the 
frequency of such events and time to resolution are associated with gestational age 
at birth with infants born earlier at a higher risk of demonstrating apnea and a later 
age of resolution [103, 104].

Data from apnea monitor downloads suggest that preterm infants may be at a risk 
of more extreme events until 43 weeks postconceptional age [105]. Overnight poly-
somnography data obtained on infants and toddlers born prematurely also demon-
strate a decrease in central apneas after 12 months of age [96]. Although there are 
no published data regarding sleep-disordered breathing in adults born prematurely, 
alterations in ventilatory control, including both hypoventilation and hyperventila-
tion, in exercising children and adults born prematurely have been observed com-
pared to term controls [106] as well as in adults born prematurely exposed to 
hypoxic and hyperoxic conditions [107].

�Upper Airway Obstruction

Upper airway obstruction leading to obstructive apneas or hypopneas can occur in 
several anatomic locations in preterm infants. During infancy, obstruction in the 
palatal or retroglossal regions may be more common, in addition to laryngeal lesions 
such as vocal cord paresis and subglottic stenosis, whereas in toddlers, anatomic 
obstruction is more likely to be secondary to adenotonsillar hypertrophy [108]. In 
addition, a relatively larger tongue size for preterm infants has been postulated to 
contribute to narrowing of the upper airway based on respiration-timed radiographs 
[109]. Although the gold standard for diagnosis of upper airway obstruction is over-
night polysomnography with specialist evaluation [110], specific diagnoses are 
often made by direct visualization by an otolaryngologist.
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The risk factors and prevalence for upper airway obstruction in preterm infants 
are dependent on the site of the obstruction. Acquired subglottic stenosis is often 
associated with intubation, and pertinent risk factors may include duration of intu-
bation, endotracheal tube size, and the occurrence of traumatic intubation [111]. 
Acquired subglottic cysts may also be more likely to occur with traumatic or pro-
longed intubation [112, 113]. In at least one prospective study, subglottic cysts were 
identified in 7.2 % of preterm infants after prolonged intubation (n = 153) [113]. 
Although it can be postulated that gastroesophageal reflux (which is not uncommon 
in preterm infants) could be associated with obstructive apnea through upper airway 
inflammation or laryngeal chemoreflexes [114], the association between reflux and 
apnea is not well established in infants, regardless of prematurity [115, 116]. Vocal 
cord paresis may occur as a complication of cardiac surgeries, including PDA liga-
tion. In one meta-analysis, the weighted pooled proportion of unilateral vocal fold 
paralysis in studies that assessed the vocal folds postoperatively was 29.8 % for any 
congenital cardiac surgery (11 studies; n = 584) and 39 % for patent ductus arterio-
sus ligation (6 studies; n = 274) [117].

Although there are limited data regarding the prevalence of sleep-disordered 
breathing among former preterm infants, a US-based population cohort study of 
850 children aged 8–11 years, of whom 46 % were born preterm, found that 
sleep-disordered breathing was 3–5 times more common among those born pre-
maturely compared to those born at term [118]. Other retrospective chart reviews 
have also found an association between prematurity and obstructive sleep apnea 
[119].

�Conclusions

Preterm infants can manifest a variety of respiratory complications, which providers 
who care for preterm infants should be aware of. The diverse elements of the respi-
ratory tract that may be involved and the varying severity of presentations make it 
difficult to apply common algorithms for prevention and management. Further 
research is necessary to more clearly delineate the scope of disease as well as best 
practices for diagnosis and treatment.
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Why Do Preterm Infants Wheeze? Clues 
from Epidemiology

Elianne Vrijlandt

�Definitions

In accordance with the World Health Organization (WHO), preterm birth is defined 
as a live birth before 37 completed weeks of pregnancy. On the basis of gestational 
age, three subcategories of preterm birth are distinguished:

Extremely preterm (<28 weeks)
Very preterm (28 to <32 weeks)
Moderate to late preterm (32 to <37 weeks)

�Bronchopulmonary Dysplasia

The classic diagnosis of BPD may be assigned at 28 days of life, provided the fol-
lowing criteria are met:

	1.	 Supplemental oxygen is required beyond 28 days of age in order to maintain 
PaO2 above 50 mmHg

	2.	 Chest radiograph with diffuse abnormal findings characteristic of BPD
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�Newer Criteria

The newer criteria for BPD, issued by the National Institute of Health (USA) and 
applicable to neonates treated with more than 21 % oxygen for at least 28 days, are 
as follows:

�Mild  Breathing room air at 36 weeks’ postmenstrual age or at discharge (which-
ever comes first) for infants born before 32 weeks or Breathing room air by 56 days 
postnatal age or at discharge (whichever comes first) for infants born after 32 weeks’ 
gestation

�Moderate  The need for <30 % oxygen at 36 weeks’ postmenstrual age or at dis-
charge (whichever comes first) for infants born before 32 weeks, or The need for 
<30 % oxygen until 56 days’ postnatal age or at discharge (whichever comes first)

�Severe  The need for >30 % oxygen, with or without positive pressure ventilation 
or continuous positive pressure, at 36  weeks’ postmenstrual age or at discharge 
(whichever comes first) for infants born before 32 weeks, or The need for >30 % 
oxygen, with or without positive pressure ventilation or continuous positive pres-
sure, at 56 days’ postnatal age or at discharge (whichever comes first) for infants 
born after 32 weeks’ gestation

Currently, the most commonly used clinical definition of BPD is the need for 
supplemental oxygen at 36 weeks’ corrected gestational age, often referred to as the 
Shennan definition [1]. Newer definitions, incorporating a physiological test of 
room air saturation at 36 weeks and a severity grade based on the extent of respira-
tory support required, have also been proposed and are used both clinically and for 
research purposes [2].

�Wheeze

Wheezing is a high-pitched whistling sound heard during breathing caused by air 
being forced through airways that are narrower than normal. Wheezing is com-
monly more prominent when breathing out than when breathing in.

�Asthma (WHO Definition; See http://www.who.int/respiratory/asthma/
definition/en/)

Asthma is a disease characterized by recurrent attacks of breathlessness and wheez-
ing that vary in severity and frequency from person to person. In one individual such 
attacks may occur every hour, and in another they are a daily occurrence. This con-
dition is due to inflammation of the air passages in the lungs and affects the sensitiv-
ity of the nerve endings in the airways so they become easily irritated. During an 
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attack, the lining of the passages swell, causing the airways to narrow and thus the 
flow of air in and out of the lungs is reduced.

�Introduction

Worldwide, the WHO has estimated that more than 15 million infants are born pre-
term, that is, 11 % of live births. Rates of preterm births are increasing in most 
countries with reliable data [3]. Across 184 countries, the rate of preterm births 
ranges from 5 to 18 % of live births. In 2010, it was estimated that the rate of pre-
term births in the USA was 12  %, accounting for 42  % of all preterm births in 
developed regions [4]. Approximately, 90  % of preterm infants survived [5]. In 
2014, in the USA, the preterm birth rate declined to 9.57 %, while the low birth 
weight rate remained essentially unchanged at 8 % [6].

In this chapter, we discuss respiratory outcomes of preterm infants and the impact 
of the diagnosis BPD later in life. It is important to realize, however, that not only 
respiratory problems may play a role later on, but cardiovascular diseases and develop-
mental problems also play a role. Many survivors face a lifetime of disability, includ-
ing learning disabilities, visual, and hearing problems. The significant associations of 
preterm birth with adult health and health-related problems have become increasingly 
recognized thanks to epidemiological research and clinical observations [7]. In the 
light of the increasing numbers of survivors of preterm birth, with or without BPD, and 
the lack of a clear understanding of the etiology of sequelae in later life, the goal of this 
chapter is to review the published literature to determine the effects of preterm birth on 
different stages during the course of life. We address the following questions:

	1.	 Which respiratory symptoms are described in preterm-born infants?
	2.	 Does wheezing occur in former preterm-born children, adolescents, or adults?
	3.	 Does gestational age matter?
	4.	 Which putative mechanisms are to be expected?
	5.	 Which risk factors are described for respiratory problems in former preterm-

born children?

�Which Respiratory Symptoms Are Described in Preterm-Born 
Infants?

Preterm birth predisposes individuals to the development of chronic respiratory dis-
eases in infancy, childhood, and adulthood, including asthma and chronic obstruc-
tive pulmonary disease (COPD) [8]. Beyond the neonatal period, the major 
respiratory problems during infancy and early childhood that require hospitalization 
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are respiratory exacerbations caused by infections, viral infections particular. Signs 
and symptoms of severe respiratory infections may include fever, a barking cough, 
wheezing, tachypnea, chest wall retractions, nasal flaring, difficulty with drinking, 
lethargy, and sometimes, cyanosis. These symptoms become milder in school-age 
children. Nevertheless, a group of children remains – even as they grow older – who 
have recurrent episodes of wheezing and decreased lung function tests, that is, 
decreased forced expiratory volume [9].

Other respiratory symptoms associated with preterm birth are noisy breathing 
and stridor due to laryngomalacia or postintubation, subglottic stenosis, vocal cord 
paralysis, or tracheomalacia. Although preterm infants do not necessarily have a 
higher incidence of laryngomalacia, they do tend to develop the more severe form 
of this condition [10]. Left vocal cord paralysis is not uncommon in patients exposed 
to persistent ductus arteriosus surgery as preterm infants. The condition may be eas-
ily overlooked, and the symptoms may be confused with those of other diseases. 
Laryngoscopy should be offered on the basis of liberal indications after persistent 
ductus arteriosus ligation [11].

BPD develops in approximately 10–40 % of infants born with very low birth 
weight (VLBW) and extremely low birth weight, amounting to 5000 to 10,000 new 
cases in the USA each year, depending on the definition applied [12]. Although 
mortality attributable to BPD has declined over the past decade [13], BPD places a 
significant demand on health services [12] and constitutes a significant health bur-
den long after the neonatal period.

On first presentation in 1967, infants with BPD showed persistent respiratory 
signs and symptoms; they required supplemental oxygen to treat hypoxemia, 
displayed persistent abnormal lung fields on chest radiograph; and histopatho-
logical changes, such as interstitial thickening, lung fibrosis, airway epithelial 
metaplasia, and smooth muscle hypertrophy occurred [14]. Following the 
increased use of antenatal steroids for lung maturation and the development of 
exogenous surfactant replacement therapy, the severity of infant lung diseases 
decreased and the survival of preterm newborns improved, particularly at lower 
gestational ages. These medical advancements resulted in the evolution of the 
disorder to a new form of the condition, one that predominantly occurs in the 
group of extremely preterm infants. BPD, in the contemporary era of perinatal 
care, is characterized by persistent decreases in alveolar counts, with enlarged 
alveoli, resulting in an overall reduction of the surface area available for gas 
exchange. It is, therefore, considered a consequence of disrupted or arrested lung 
development [15, 16].

Several studies have shown that infants who develop BPD experience more prob-
lems during infancy, childhood, adolescence, and adult age than preterm-born 
infants who do not develop BPD and healthy controls [17–19]. These problems 
emerge in different areas of functioning. Chronic respiratory signs in infants with 
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BPD include tachypnea with shallow breathing retractions, a paradoxical breathing 
pattern with rhonchi, crackles, and wheeze. Pulmonary function tests show 
decreased tidal volume, increased airway resistance, decreased dynamic lung com-
pliance with increasing ventilation/perfusion mismatch, and decreased V’maxFRC 
(that worsen during the first year of life) [20, 21]. Uneven airway obstruction leads 
to gas trapping and hyperinflation with abnormal distribution of ventilation [20]. 
Because of increased vascular resistance in the lungs, children with BPD may 
develop right ventricular hypertrophy. Left ventricular hypertrophy is also seen, 
possibly associated with systemic hypertension, a condition commonly found in 
children with BPD [22–24]. With persisting lung impairment, survivors of BPD 
may be at risk of developing chronic obstructive physiologic impairments later in 
life, such as fixed airflow obstruction and hyperinflation.

�Does Wheezing Occur in Former Preterm-Born Children, 
Adolescents, or Adults?

Been et al. performed a systematic review and a meta-analysis on preterm birth and 
childhood wheezing disorders. The symptoms they studied included wheezing, 
coughing, chest tightness, and shortness of breath [9].

The researchers identified 30 studies that investigated the association between 
preterm birth and asthma or wheezing disorders in more than 1.5 million children 
between 1995 and the present. This time span was chosen to allow for recent 
changes in the management of preterm birth. Of the 30 major studies on the associa-
tion published worldwide, nearly a third reported no effect, whereas the others 
reported significant associations, with odds ratios (ORs) ranging from 1.2 to 4.9. 
Across the studies, 13.7 % of the preterm-born infants developed asthma or wheez-
ing disorders during childhood, compared to only 8.3 % of infants born at term. 
Overall, therefore, the risk of preterm infants developing either asthma or a wheez-
ing disorder during childhood was 1.71 times higher than the risk of full-term 
infants developing these conditions (an unadjusted OR of 1.71) [9]. Inconsistencies 
in the preterm birth–asthma association in part reflected differences among studies 
in three key domains: definitions of asthma, degree of prematurity, and the age at 
which asthma was assessed.

The pulmonary outcome of extremely preterm and very preterm children (born 
before 32 weeks’ gestational age) has been studied extensively [5, 25]. The resid-
ual respiratory problems of these children include cough and wheeze and/or other 
asthma-like symptoms [26, 27]. In contrast to the pulmonary problems of 
extremely and very preterm infants, the pulmonary outcomes of former moderate 
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to late preterm children are largely unknown, even though this group is much 
larger [6]. It remains uncertain whether the risk of long-term respiratory morbidity 
is larger in late preterm- born children than in full-term born children [28]. There 
are reports of increased hospitalization for respiratory problems in the first year of 
life, a higher rate of respiratory symptoms, for example, nocturnal coughing or 
wheezing without having a cold during early childhood, and a higher likelihood of 
abnormal pulmonary function studies [28, 29].

The Lollipop study showed that moderate to late preterm-born children had more 
respiratory problems during their first 5 years of life than their full-term born coun-
terparts [29]. At the age of 5 years, rates of respiratory symptoms between former 
moderate to late preterms and extremely and very preterm children were similar and 
both were higher than in full-term born children. The symptoms resulted in more 
medication used and more absenteeism from school (see Table 1).

Other studies, however, found that late preterm birth was not associated with a 
diagnosis of asthma in early childhood [30, 31].

The EPICure study is a good example of considering respiratory symptoms dur-
ing preadolescence and adolescence in children born extremely preterm. This study 
defined extremely preterm as <25 completed weeks of gestation. It showed increased 
respiratory morbidity at 11 years of age, especially among those children who had 
been diagnosed with BPD [32]. When compared to classmates, children born 
extremely preterm were more likely to have a current diagnosis of asthma (25 % 
versus 13 %; P < .01), recent respiratory symptoms, and medication. Among mem-
bers of the extremely preterm group, significantly more with prior BPD reported 
wheeze in the past 12 months (see Table 2).

For some former preterm-born adolescents, particularly those who suffered 
BPD, obstructive lung disease persists into adulthood. Wong et  al. reported 
significantly increased respiratory symptoms in a young adult population born at a 
time prior to the routine use of surfactant and who had all survived moderate to 
severe BPD [33]. During adolescence and adulthood, the balance of evidence sug-
gested that preterm infants either with or without subsequent BPD have excess 
respiratory symptoms, including cough, wheeze, and asthma [34]. Functional pul-
monary abnormalities consist of airway obstruction, airway hyperreactivity, and 

Table 1  Prevalence of respiratory symptoms at 5 years of age [29]

Symptoms
Early 
preterms (%)

Moderate to late 
preterms (%)

Full-term born 
children (%)

Wheeze 34 28 19
Cough 34 33 24
Treatment for respiratory 
symptoms

21 18 9

Current asthma 9 10 6
Absent from school due to 
respiratory symptoms

22 21 11
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hyperinflation as well as exercise restriction [14, 35]. In these patients, a program of 
lung function monitoring and pulmonary prophylaxis by means of elimination of 
specific risk factors, such as smoking, in adulthood is advisable.

�Does Gestational Age Matter?

Complications of preterm birth (<37 completed weeks of gestation) are most often 
seen in very preterm infants (28–31 weeks’ gestation) and extremely preterm infants 
(<28 weeks’ gestation), although it is increasingly recognized that even moderate to 
late preterm infants are at increased risk of adverse health and developmental out-
comes [36]. This increased risk of respiratory morbidity in late preterm infants is 
probably related to immature lung structure, since lung development of the terminal 
respiratory sacs and alveoli continues between gestational weeks 34 and 36.

Infants born most extremely preterm, during the late canalicular or saccular stage 
of lung development, carry the greatest burden of early respiratory disease, putting 
them at greatest risk of later pulmonary morbidity. Indeed, despite medical advances 
in neonatal care that has led to improvements in the survival rate of extremely pre-
term infants, the prevalence of the neonatal chronic lung disease, BPD, has not 
diminished [18]. It remains the most common complication of extremely preterm 
birth. Later in life, the risk of asthma or wheezing disorders increases as the degree 
of prematurity increases [9]. The risk was considerably higher among children born 
very preterm, (OR 3.00, 95 % CI 2.61–3.44), when compared to moderately preterm 
children (OR 1.49, 95 % CI 1.34–1.66) [9].

�Which Putative Mechanisms Are to Be Expected?

What is the pathophysiology of respiratory symptoms, such as wheezing disorders, 
in former preterms? There is the assumption of asthmatics wheeze due to airflow 
obstruction as a result of the cumulative effects of smooth muscle constriction 
around airways, airway wall edema, intraluminal mucus accumulation, 

Table 2  Prevalence of respiratory symptoms at the age of 11 years in extremely preterm children 
[32]

Symptoms
Extremely preterm, 
with BPD (%)

Extremely preterm, 
without BPD (%)

Full-term born 
children (%)

Wheeze 25 12 14
Nocturnal cough 22 15 11
Current asthma 28 19 13
Asthma 
medication

27 19 11
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inflammatory cell infiltration of the submucosa, and basement membrane thicken-
ing [37]. Inflammation can cause airway hyperresponsiveness and airflow 
obstruction.

Is this also the case for preterms? They are often labeled asthmatic, although the 
underlying mechanisms are likely to be very different. Several mechanisms, such as 
lung growth, inflammation, and structural changes might play a role in putative 
mechanisms for wheezing in patients born prematurely.

�Lung Growth

The respiratory system undergoes significant growth and development during the 
third trimester of fetal life and throughout the first year of infancy. Postnatally, the 
pattern of physiological airway development is best characterized by the global lung 
initiative (http://www.lungfunction.org/). In healthy children, lung volume and 
function (FVC and FEV1) continue to increase throughout childhood and reach a 
plateau at 20 to 25 years [38]. Subsequently, lung volume and function decline 
steadily with age. In individuals who experienced early lung injury or maldevelop-
ment during infancy, a reduction in peak lung growth may appear [8]. The outcome 
of poor lung development depends on the type and severity of the insult as well as 
the developmental stage of the lung at the time it occurred [39]. Longitudinal stud-
ies show temporal tracking of small airway diseases among preterm-born individu-
als [40, 41].

The “new” BPD is often described with pathologic changes of large, simplified 
alveolar structures, a dysmorphic capillary configuration, and variable interstitial 
cellularity and/or fibroproliferation [15]. Airway and vascular lesions, when pres-
ent, tend to be present in infants who develop more severe diseases over time [42]. 
The concept that “new” BPD results in an arrest in alveolization should be modified 
to that of an impairment in alveolarization since evidence shows that short ventila-
tory times and/or the use of nCPAP allow continued alveolar formation [42]. An 
area of emerging interest in the field of lung imaging is 3He diffusion MRI. With 
this technique, alveolar damage was studied in survivors of extreme preterm birth 
by comparing alveolar dimensions between full-term born and preterm-born school 
children [43]. Alveolar size at school age was similar in survivors of extreme pre-
maturity and full-term born children. Because extreme preterm birth is associated 
with deranged alveolar structure in infancy, the most likely explanation for this find-
ing is catch-up alveolarization.

Therefore, prematurity per se may have an impact on lung growth, but neonatal 
events and treatment, for example, supplemental oxygen or mechanical ventilation, 
may cause inflammatory responses followed by a repair process. The repair process 
may be “healing” but may also become chronic in response to continued inflamma-
tion, resulting in structural changes in the airways that are referred to as remodeling. 
These structural changes may result in irreversible narrowing of the airways. Over 
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time, in most children, with or without BPD, pulmonary function improves. Whether 
this improvement represents repair of damaged lung tissue or growth of new lung 
tissue, or both, has yet to be determined.

Children and adolescents with severe BPD, however, show evidence of chronic 
obstructive pulmonary disease. Kotecha et al. systematically reviewed the literature 
to determine whether the percentage predicted forced expiratory volume during 1 s 
(%FEV1) is lower in preterm-born subjects, with or without BPD, in comparison to 
full-term born controls. They found that %FEV1 is decreased in preterm-born survi-
vors, even in individuals who did not develop BPD. For the preterm-born group 
without BPD, the mean difference %FEV1 in comparison to full-term born controls 
is −7.2  %, and for the BPD groups, it was −16.2  % to −18.9  %, respectively 
(according to the definition of BPD) [44].

�Inflammation

Former preterm-born children show little evidence of eosinophilic inflammation 
[45]. Exhaled nitric oxide concentrations are significantly lower in BPD survivors 
than in asthmatic cases, suggesting that different pathogenetic mechanisms charac-
terize these two chronic obstructive lung diseases [46].

When inflammation plays a role, treatment with inhaled corticosteroids might 
be effective. A recent systematic review studied whether inhaled bronchodilators 
and inhaled corticosteroids improve long-term outcomes in neonates with BPD. No 
meta-analysis was attempted due to the large degree of heterogeneity and quality 
assessment of the studies included. The conclusion was that although these inhaled 
therapies seem to have some benefit, very limited data are available suggesting 
that these treatments at neonatal age improve long-term outcomes of infants with 
BPD [47].

Kotecha et al. systematically reviewed the evidence for bronchodilator treatment 
in former preterm-born children and adults. They concluded that the majority of the 
studies reported short-term effects of a single-dose administration with an improve-
ment in %FEV1 after bronchodilator treatment. There is, however, a paucity of data 
on the effect of longer term administration of bronchodilators on the lung function 
of former preterm-born children [48]. The number of studies with inhaled cortico-
steroids is small in older preterm-born children and these studies show no effect 
[49]. There is no current evidence to advocate widespread use of bronchodilators or 
inhaled corticosteroids, even though a component of variable airflow obstruction 
may be present. Additional evidence for optimal treatment is required [50].

Acute inflammation due to respiratory tract infections, such as respiratory syncy-
tial virus (RSV) infection, could be an important mechanism of recurrent wheeze 
during the first year of life in preterm-born infants [51]. A connection between viral 
infections and exaggerated cell death and inflammatory pathways in the developing 
lung was recently revealed [52].
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�Structural Changes

In contrast to early lung development, a process exemplified by the branching of 
the developing airways, the later development of the immature lung remains 
poorly understood. A key event in late lung development is secondary septation, 
in which secondary septa arise from primary septa, creating a greater number of 
alveoli of a smaller size. This phase in lung development dramatically expands the 
surface area over which gas exchange can take place [52]. Secondary septation, 
together with architectural changes to the vascular structure of the lung that mini-
mize the distance between inspired air and blood, is the objective of late lung 
development. When late lung development is disturbed, lung architecture is mal-
formed. Depending on the severity of the architectural malformation, there may 
be serious consequences in terms of respiratory function, as well as long-term 
consequences in later life [52]. It is not clear whether early preterm lung injury is 
associated with structural damage to surrounding lung tissue because it is difficult 
to obtain histological tissue for study purposes. Nevertheless, a crucial mecha-
nism that secures airway patency and thus adequate maintenance of functional 
residual capacity (FRC) is airway tethering [53–55]. Tethering is the element that 
couples lung volume to airway patency. Thus, as lung volumes increase, airway 
diameter and hence expiratory flows increase. Maturation of the alveolar network 
improves parenchymal elastance and, as a consequence, airway tethering. 
Immaturity adds up to the elements constituting the vulnerability of preterm 
infants [53].

Radiologic studies in older and more severe cases with BPD showed structural 
changes such as emphysema on high-resolution CT scans [33, 56, 57]. There seems 
to be an association between the extent of radiological abnormality on high-
resolution CT scans and the severity of lung function impairment [33].

�Which Risk Factors Are Described for Respiratory Problems 
in Former Preterm-Born Children?

On the one hand, there are several factors that may cause a preterm birth and that, 
additionally, are likely to affect fetal lung development and adult outcome. On the 
other hand, there are several postnatal factors that affect the risk of continuing respi-
ratory problems in a former preterm-born child.

Preterm delivery is the most common cause of abnormal lung development and 
can itself lead to lifelong sequelae. As described above, compared to full-term born 
children, children born very preterm (before 32 weeks’ gestation) approximately 
run a three times higher risk of developing asthma and/or wheezing disorders in 
unadjusted and adjusted analyses [9].

Factors that may result in poor lung development prenatally include inadequate 
nutrition or specific nutrient deficiencies, maternal alcohol consumption, expo-
sure to tobacco smoke, chorioamnionitis, and intrauterine infection. Postnatal fac-
tors include being ventilated with high oxygen concentrations, BPD, respiratory 
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infections, and exposure to environmental pollution [8, 52]. Hypoxia also repre-
sents a potent stimulus that has a negative impact on late lung development. The 
impact of corticosteroids on lung development is complicated, since the positive 
anti-inflammatory and lung maturation impact of corticosteroids is counterbal-
anced by growth retardation and other effects on the lung [52].

With regard to the respiratory tract infections, “the chicken or the egg” debate is 
ongoing. Human RSV is the most common cause of severe lower respiratory tract 
illnesses in both preterm and full-term newborns and young children, and it is asso-
ciated with subsequent recurrent wheeze. Observational studies cannot determine 
whether RSV infection is the cause of recurrent wheeze or the first indication of 
preexistent pulmonary vulnerability in preterm infants. Several studies showed 
increased susceptibility of preterm-born children (with and without BPD) to RSV 
[58]. In the Lollipop study, the rates of hospitalization due to proven RSV infection 
are higher in both preterm groups than in full terms. No difference in disease sever-
ity was observed. Among moderate–late preterms, the rate of RSV hospitalization 
was higher for lower gestational ages and if the infants had been exposed to passive 
smoking [59].

Nonrandomized trials in preterm infants (approximately 30 ± 2 weeks’ gesta-
tional age) suggested that the prevention of lower respiratory tract illness caused by 
RSV reduces subsequent recurrent wheeze in infants without a family history of 
atopy, while no effect was found in infants with a family history of atopy [60, 61]. 
In another study, in otherwise healthy 33–35 weeks’ gestational age preterm infants, 
palivizumab treatment resulted in a significant reduction in wheezing days during 
the first year of life, even after treatment had stopped. These findings might impli-
cate RSV infection as an important mechanism of recurrent wheeze during the first 
year of life in such infants [51]. Other risk factors for continuing respiratory prob-
lems in moderate to late preterm children were found to be eczema during the first 
year of life, passive smoking during the first year, higher social class, and a positive 
family history of asthma [29].

�Conclusion

The major respiratory problems for preterm-born infants (with or without BPD) that 
need hospitalization are respiratory exacerbations caused by infections, particularly 
viral infections. The most common symptoms in former preterm-born children are 
cough, wheeze, and/or other asthma-like symptoms. Overall, the risk of former pre-
term children developing asthma or a wheezing disorder during childhood is almost 
twice that of full-term infants. As children grow older, the symptoms become milder. 
Nevertheless, a group of adolescents and adults remains who still present with 
chronic airway obstruction defined by recurrent episodes of wheezing and decreased 
lung function tests, that is, decreased forced expiratory volume. The risk of asthma 
and/or wheezing disorders increases as the degree of prematurity increases. Putative 
mechanisms for wheeze may include early lung injury or maldevelopment during 
infancy, respiratory infections during the first year of life, and structural changes of 
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the lung parenchyma. Patients are often labeled asthmatic although the underlying 
mechanisms are likely to be very different. Characterizing airway diseases in adult 
survivors of preterm birth in terms of extent and nature of airflow obstruction, pat-
tern of any inflammation, and presence of airway reactivity is very important to 
prevent over or under treatment.
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Why Do Former Preterm Infants Wheeze? 
Clues from the Laboratory

Richard J. Martin and Thomas M. Raffay

�Introduction

There is now considerable epidemiologic evidence that preterm infants, especially 
those of very low birth weight, are at heightened risk of later airway hyperreactivity 
[1–3]. This is clearly aggravated by the interventions that predispose these infants to 
developing bronchopulmonary dysplasia (BPD). Unfortunately, the biologic basis 
for this problem is less well understood and lagging behind the clinical data [4]. For 
example, how much is attributable to hyperoxic exposure, barotrauma to an imma-
ture airway, or the prenatal and postnatal proinflammatory exposure of preterm 
lungs? It is, therefore, important to gain greater understanding of the normal and 
abnormal changes that occur, not only in airway smooth muscle but also surround-
ing elements such as epithelium, alveolar structures, and neural elements that may 
modulate airway reactivity in early postnatal life [5].

�Maturational Changes in Airway Reactivity

During early development, airway smooth muscle differentiates from the mesen-
chyme of the primordial lung and envelops the emerging bronchial tree. Airway 
smooth muscle at this early stage provides phasic rhythmic contractility that is 
thought to propel lung fluid distally and enhance lung development. Neural struc-
tures emerge in parallel to airway muscle, and their functional roles are rapidly 
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integrated such that during postnatal life tonic, rather than phasic, contractile, and 
relaxant functions dominate. Immunohistochemical studies of developing human 
and porcine fetal airways have revealed the development of an airway smooth mus-
cle layer by the end of the human embryonic period extending from the trachea to 
terminal lung sacs, as well as an extensive nerve plexus comprising nerve trunks and 
ganglia investing the airways and innervating smooth muscle. This layer of airway 
smooth muscle is functional in the first trimester as evidenced by the phasic sponta-
neous narrowing and relaxation of airways with back-and-forth movement of lung 
fluid that might stimulate lung growth by providing positive intraluminal pressure. 
These data are consistent with human autopsy findings that airway smooth muscle 
is present at 23 weeks’ gestation at all levels of the conducting airways and increased 
in amount during the earliest signs of developing chronic lung disease as early as 
10 days of life [6].

The effect of postnatal maturation on airway contractile responses is some-
what controversial. Physiologic studies using isolated tracheal smooth muscle 
strips from several species have demonstrated that under normal maturational 
conditions, there is decreased cholinergic responsiveness in early postnatal life 
[7, 8]. These in vitro studies are complicated by the need to carefully normalize 
the airway contractile response for smooth muscle mass and myosin content [9]. 
Maturational changes in airway reactivity may also be influenced by immature 
lung parenchymal structures and a relatively compliant airway which may con-
tribute to altered airway narrowing in immature animal models as discussed later 
[10, 11]. Nonetheless, the weight of evidence appears to point to an anatomically 
intact airway smooth muscle layer superimposed on highly compliant airway 
structures in early postnatal life.

�Cholinergic Efferent Output

At any given age, neural control of airway function involves integrated networks 
along the neural axis that funnel information to tracheobronchopulmonary effector 
units via airway-related vagal preganglionic neurons (AVPNs) in the medulla oblon-
gata (Fig. 1). The AVPNs are the final common pathway from the brain to the air-
ways. The AVPNs innervating airways, from the extrathoracic trachea to the most 
distal bronchiole, arise mainly within the brain stem from the rostral nucleus ambig-
uus (Rna) and to a lesser degree from the rostral portion of the dorsal motor nucleus 
of the vagus (DMV). These cholinergic cells in the brainstem transmit signals to 
intrinsic tracheobronchial ganglia via the vagus nerve and give rise to postgangli-
onic fibers distributed around airway smooth muscle cells, submucosal glands, and 
arterial blood vessels. In the postnatal period, neuronal innervation is already well 
developed and choline acetyltransferase, a specific marker for cholinergic neurons 
that synthesizes acetylcholine, appears in vagal preganglionic neurons, 
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postganglionic neurons, and postganglionic fibers. Postnatally, cholinergic innerva-
tion is the principal tonic input to airway smooth muscle bundles and may serve to 
protect the compliant, immature airways from collapsing during expiration-induced 
compressive narrowing.

Muscarinic receptors mediate the responsiveness of airway smooth muscle to 
acetylcholine during early development and adult life. Studies in the developing 
airways and porcine lung from birth to adulthood reveal maturational changes in 
muscarinic receptor subtypes (M1, M2, M3) that may explain pharmacologic 
changes during development [12]. These muscarinic receptor subtypes, coupled 
to the family of G proteins, mediate airway contractile responses and their modu-
lation, although there are considerable interspecies differences in their roles. M1 
receptors are largely present on neuronal tissue and ganglia and enhance contrac-
tile response to vagal stimulation in newborn animals [7, 13]. M2 receptors are 
located on prejunctional postganglionic cholinergic fibers in airway smooth mus-
cle in some species and exhibit an autoinhibitory action whereby the quantal 
release of Ach in response to nerve stimulation is reduced due to feedback inhibi-
tion. M3 receptors are present on smooth muscle and mucus glands and airway 
epithelial cells, where they initiate the events leading to smooth muscle contrac-
tion, airway narrowing, and mucus secretion. In the newborn, the density of M3 
receptors has been reported to be similar to that in the adult; however, they do not 
appear to be tightly coupled to G-protein signal transduction mechanisms that 
lead to smooth muscle contraction [7]. Among the many unanswered questions in 
the newborn are the extent of receptor subtype differentiation in human neonates, 
investigation of G-protein signal transduction, the role of M2 autoinhibitory 
receptors in modulating airway tone, and the possible effect of inflammatory 
lung injury on muscarinic receptor regulation and its pharmacologic 
manipulation.

Brainstem vagal preganglionic neurons
[AVPNs]

Adrenal medulla

Catecholamine release

Intramural
cholinergic ganglia 

ASM CONTRACTION
ASM RELAXATION

Local
Nonadrenergic
Noncholinergic

[NANC] mediators 

Fig. 1  Neural and nonneural pathways that contribute to airway reactivity. AVPNs airway-related 
vagal preganglionic neurons, ASM airway smooth muscle
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�Sympathetic Control of the Lower Airways

Extrinsic sympathetic innervation of airway smooth muscle is highly species spe-
cific, and in airway smooth muscle in humans, direct sympathetic innervation 
appears to be lacking. Nevertheless, circulating catecholamines activate airway 
adrenoreceptors to exert specific actions that affect smooth muscle contractile 
function. Beta2-adrenergic responses in airway smooth muscle are composed of 
two inhibitory actions: first, relaxation of airway smooth muscle mediated by air-
way beta2-receptors that are coupled to the stimulatory G-protein (Gs) and adenyl-
ate cyclase and second, inhibition of ACh release from postganglionic vagal axons 
through prejunctional alpha2-adrenergic and beta1 receptors in some species. 
Activation of beta-adrenergic receptors is the pharmacologic basis for neonatal 
bronchodilator therapy. Maturational studies have demonstrated that beta-adren-
ergic receptors in lung tissue increase with advancing gestation and subsequent 
postnatal development, but this may be more important for their role in surfactant 
synthesis and release. The airway relaxant response to beta-adrenoreceptor stimu-
lation has been reported to decrease with advancing maturation, and several 
mechanisms including greater muscarinic antagonism of beta-receptor responses 
and attenuated expression of M2 muscarinic receptors have been proposed [14]. A 
potential role for adrenergic receptors in the control of airway smooth muscle in 
newborn infants with bronchopulmonary dysplasia is supported by observations 
in preterm infants with chronic lung disease in whom ophthalmic application of 
the alpha1-adrenergic agonist phenylephrine resulted in an increase in total pul-
monary resistance and a decrease in compliance [15]. The deterioration in lung 
mechanics was attributed to alpha1-receptor-mediated activation of airway smooth 
muscle contraction.

�Nonadrenergic Noncholinergic Control of the Lower Airways

Rather than representing a separate pathway for modulation of airway caliber, the 
nonadrenergic noncholinergic (NANC) system comprises both inhibitory and 
excitatory components modulated by several neurotransmitters located in intrin-
sic ganglia and their fibers. Reference to noncholinergic (i.e., NANC) innerva-
tions reflects the neurotransmitters known not to mediate cholinergic or adrenergic 
effects. The system is highly species-specific but has been identified in human 
airways. The NANC inhibitory component of vagal innervations is demonstrated 
in vivo and in vitro by measuring the response to vagal stimulation or to electrical 
field stimulation, after muscarinic and beta-adrenergic effects on airway smooth 
muscle are blocked by atropine and propranolol; then airway tone is elevated by 
an infusion of contractile agonist (e.g., serotonin or histamine). Under these con-
ditions, stimulation of vagal preganglionic axons causes bronchodilation. 
Vasoactive intestinal peptide was initially proposed as the primary 
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neurotransmitter of the NANC system. Subsequently, nitric oxide was also shown 
to act as a NANC neurotransmitter, suggesting involvement of multiple sub-
stances and molecules in airway smooth muscle relaxation with considerable 
interspecies variation [16].

Limited information is available about the ontogeny of this system in the air-
ways. Activation of vagal preganglionic axons results in a NANC-mediated bron-
chodilation in newborn feline airways, a response that is eliminated by ganglionic 
blockade with hexamethonium, confirming the efferent nature of the response [17]. 
Comparison with the mature response is confounded by the necessity of infusing an 
agonist to measure a response, and the possibility that neonatal and adult airways 
may possess different sensitivities to the contractile agonist. NANC inhibitory 
innervation also appears to be functional in young guinea pigs and rat pups. In some 
species, NANC inhibitory responses undergo significant developmental changes; 
for example, NANC relaxation responses are not present in rabbits until 2 weeks of 
age [18]. Interestingly, allergen sensitization significantly reduced the NANC 
response at 2, 4, and 12 weeks of age [18], suggesting that host or environmental 
factors may alter the maturation of the inhibitory NANC system and predispose to 
airway reactivity. The NANC inhibitory system has not been adequately explored in 
human neonatal airways.

NANC excitatory mechanisms also play a role in modulating airway smooth 
muscle. Within this system, the tachykinin peptides, such as substance P and 
neurokinin A, have undergone some study during early postnatal development. 
These tachykinins are synthesized in sensory neurons and transported to sensory 
nerve endings from which they are released and have the ability to elicit airway 
contractile responses by several interrelated mechanisms. Tachykinin release 
from afferent C-fiber nerve endings in the airway may directly or reflexly elicit 
smooth muscle contraction, modulate cholinergic responses through muscarinic 
receptors, and induce histamine release from mast cells. In young rabbits, sub-
stance P-induced modulation of ACh release increases with advancing postnatal 
age [19], and in newborn piglets, exogenously administered substance P elicits 
weak contractile responses of tracheal smooth muscle when compared with older 
animals [20].

There is some debate about whether increased expression of substance P or other 
neuropeptides contributes to lung or airway pathophysiology. In mature animal 
models, chronic exposure to irritant gas increases substance P content; however, it 
is controversial whether this serves to aggravate airway hyperactivity or serves a 
protective role for airway and lung structures. Furthermore, in addition to elicit 
airway smooth muscle constriction, substance P may induce relaxation of precon-
stricted neonatal tracheal tissue by release of NO and relaxant prostaglandins [21]. 
Newborn and 3-week-old rats exposed to hyperoxia exhibit increased tachykinin 
precursor expression, increased substance P content in the lung, and increased cho-
linergic responsiveness, as discussed later, although the relationship of the latter to 
the increased substance P content is not clear [22]. Ongoing developmental studies 
should focus on these neuropeptide-mediated signaling pathways that modulate air-
way smooth muscle contractile and relaxant responses in health and disease.
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�Contributors to Abnormal Airway Function

�Hyperoxic Exposure

The airways of preterm infants are frequently exposed to increased supplemental 
oxygen. This is a likely predisposing factor to the development of airway injury 
(Fig. 2). In newborn animal models, most notably the guinea pig and rat pup, hyper-
oxic exposure has been associated with development of airway hyperreactivity 
[22–24]. Although hyperoxic exposure may increase smooth muscle area, this effect 
is variable and does not, of itself, explain the development of hyperoxia-induced 
airway hyperresponsiveness [25].

Many factors may contribute to the increased airway reactivity that is seen after 
neonatal hyperoxic exposure. Therefore, studies have focused on neonatal rodent 
models exposed to only moderate (e.g., 40–60 %) hyperoxic exposure as this more 
closely simulates the clinical condition. Recent data demonstrate that 40 % oxygen 
exposure elicited a greater increase in airway reactivity than 70 % oxygen exposure, 
associated with greater airway smooth muscle thickness [26]. This might be attrib-
uted to a dominant proliferative effect of 40 % oxygen on airway smooth muscle 
versus a predominantly apoptotic effect at the higher oxygen level [27, 28]. An 
intriguing recent observation is that in a neonatal mouse model, the increase in air-
way reactivity after 40 % oxygen exposure during the first week was delayed until 
the pups were 3 weeks old [29]. These studies employed an in vitro living lung slice 
preparation. Alveolar morphology was comparably diminished at 1 and 3 weeks, 
suggesting a selective and delayed effect of modest hyperoxic exposure on the tra-
jectory of airway smooth muscle structure or function. These findings are consistent 
with the clinical observation that bronchodilator therapy is of limited use in the 
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Fig. 2  Proposed mechanisms whereby neonatal hyperoxic exposure predisposes to wheezing dis-
orders in former preterm infants. ASM airway smooth muscle
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neonatal intensive care unit (NICU) at a time when hyperoxia-induced airway 
smooth proliferation has not been achieved [30]. It is also possible that the benefits 
of bronchodilator therapy may not be sustained in the neonatal period as evident in 
the hyperoxia-exposed neonatal mouse model. In a model of chronic lung disease, 
hyperoxia-exposed newborn mice displayed decreased lung beta2-adrenergic recep-
tor expression and were at risk for further down regulation with repeated agonist 
stimulation, resulting in increased airway hypersensitivity and attenuation of rescue 
bronchodilation [31].

Lung parenchymal injury is a well-recognized complication of neonatal inten-
sive care and is characterized by the development of enlarged, simplified alveolar 
structures. This may result in decreased tethering of intraparenchymal airways; the 
accompanying decrease in airway lumen would increase baseline airway resistance 
[11]. A related observation is that lung parenchymal injury elicited by hyperoxic 
exposure is associated with fewer bronchiolar-alveolar attachments in a rodent 
model of neonatal lung injury [32]. Smaller diameter, untethered airways may well 
contribute to the wheezing disorders former preterm infants experience; however, 
altered airway smooth muscle properties are likely contributors.

Epithelial injury with loss of airway relaxant factors may also contribute to the 
hyperoxia-induced increase in airway contractile responses. This is supported by 
data from tracheal strips in preterm sheep, in which epithelium removal was associ-
ated with greater cholinergic responsiveness [33]. A similar phenomenon is observed 
in rat pups in which the response of lung resistance induced by vagal stimulation 
was increased after nonspecific blockade of NOS in normoxic animals. However, 
after hyperoxic exposure, NOS blockade no longer affected the contractile response 
induced by vagal stimulation [34]. These findings indicate that NO, released by 
stimulation of vagal preganglionic fibers, modulates bronchopulmonary contractile 
responses to endogenously released ACh in rat pups. This effect appears to be lost 
after prolonged hyperoxic exposure and may contribute to airway hyperreactivity 
under these conditions. Impairment of the prostaglandin/cyclic adenosine mono-
phosphate (cAMP) signaling pathway may also contribute to hyperoxia-induced 
airway hyperreactivity [35]. These findings are somewhat analogous to observations 
made in young ferrets infected with human respiratory syncytial virus (RSV) in 
which nonadrenergic noncholinergic inhibitory responses of tracheal smooth mus-
cle were significantly decreased for a prolonged period [36]. Of course, it is impor-
tant to recognize that these animal data may not translate to the human condition.

The neurotrophins belong to a protein family essential for vertebrate nervous 
system development. They are also expressed in epithelial smooth muscle and 
immune components of the lung [37]. The neurotrophin family includes brain-
derived neurotrophic factor (BDNF), nerve growth factor (NGF), neurotrophins 3, 
and neurotrophin 4. They share common structural features and act through their 
corresponding high-affinity tyrosine kinase (Trk) receptor subtypes. The rapid 
excitatory activity of BDNF is via activation of the TrkB receptor. BDNF appears to 
stabilize excitatory (e.g., cholinergic) postsynaptic receptors and/or enhance quan-
tal excitatory neurotransmitter release probably via postsynaptic calcium signaling. 
During development, regulation of the lower airway appears to be influenced by 
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neurotrophins. Data show the presence of neurotrophins and their corresponding 
receptor on airway smooth muscle cells in developing rat pups and upregulation of 
the BDNF system after hyperoxic exposure [38, 39]. Consistent with these findings, 
neurotrophins are overexpressed in the lower airways of RSV-infected human 
infants known to be at great risk for increased airway reactivity [40].

Airway smooth muscle contraction is elicited when phosphorylation of the 
20-kDa regulatory light chain of myosin (MLC20) allows crossbridge formation of 
actin and myosin. This process of phosphorylation is regulated by calcium/
calmodulin-dependent myosin light chain kinase (MLCK) isoforms. Conversely, 
MLC20 dephosphorylation by myosin phosphatase (MYPT) leads to relaxation. 
Studies in rat pups have demonstrated that hyperoxic exposure inhibited MYPT, and 
the resultant prolongation of MLC20 phosphorylation may have contributed to 
hyperoxia-induced enhanced airway contractility [41]. Both plasma membrane cal-
cium influx mechanisms, as well as intracellular calcium release and reuptake, are 
involved in the contractile responses of airway smooth muscle to agonist. Even in 
the first trimester, immature airway smooth muscle contains many of the calcium-
regulating mechanisms that are present in adult tissue, contributing to spontaneous 
and acetylcholine-induced calcium oscillations [42]. However, there is currently 
limited information on which of the calcium regulatory mechanisms are involved in 
mediating bronchoconstriction in the normal and injured developing airway. In this 
regard, in human fetal airway smooth muscle, many calcium influx pathways appear 
to be present, as are intracellular calcium release pathways. However, compared to 
adult airway smooth muscle, calcium responses to agonist appear to be smaller and 
slower in developing fetal airway smooth muscle cells, likely reflecting differences 
in the kinetics of regulatory mechanisms [28]. Importantly, exposure of fetal airway 
smooth muscle cells to even moderate levels of hyperoxia causes enhanced calcium 
responses to agonist, and this may contribute to the increased airway reactivity 
observed in vivo following hyperoxia.

�Pressure Effects

The high deformability or compliance of the trachea in the preterm period appears 
to be a consequence of decreased airway smooth muscle contractility and dimin-
ished cartilaginous support. The obvious result is that tracheas, and possibly lower 
airways, are vulnerable to deformation during positive pressure ventilation. Greater 
understanding of the detrimental effects of positive pressure ventilation at high 
inflating pressures has decreased the risk of deformation injury to the immature 
airway by limiting the use of excessive ventilatory pressures. Data in rat pups indi-
cate that enhancement of airway reactivity occurs even after short-term mechanical 
ventilation [43]. Abnormal mechanical stress and its effect on smooth muscle con-
tractility serve as a useful model for characterizing one aspect of neonatal lung and 
airway injury [44]. Cultured airway smooth muscle cells exposed to such stress 
eliminate the confounding effects of deformational strain on surrounding tissues. 
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Such studies have demonstrated strain-induced increases in cell myosin light-chain 
kinase (MLCK) accompanied by increased phosphorylation of the myosin light 
chain, all key steps in the smooth muscle contractile response [45].

In recent years, there has been a shift in NICU practice from the use of intubation 
and mechanical ventilation toward less invasive treatments, such as continuous pos-
itive airway pressure (CPAP), largely because of the baro- or volutrauma imposed 
on the lung by the former mode of respiratory support. Indeed, CPAP has the poten-
tial to mitigate the adverse pathophysiological effects on lung development that 
would otherwise be observed with mechanical ventilation. Most recently, animal 
studies have investigated the effects of neonatal CPAP on airway reactivity. This has 
required development of a custom-made mask to fit snugly around the head of new-
born mice for CPAP (or control) delivery over several hours for the first postnatal 
week. Delivery of CPAP at 6 cm H2O resulted in an increase in airway reactivity in 
living lung slice preparations obtained at day 21. Airway hyperreactivity after CPAP 
was largely limited to smaller airways. This was associated with only minimal evi-
dence of lung parenchymal injury as assessed by alveolar morphology [46]. 
Interestingly, this increase in airway reactivity was less evident when CPAP was 
combined with hyperoxic exposure and tested in neonatal mice under in vivo condi-
tions [47]. From these initial data, it is tempting to speculate that long-term CPAP 
exposure of smaller immature airways may predispose to later airway hyperreactiv-
ity. In fact, this is common practice in the NICU for infants with impaired respira-
tory drive and relatively uninjured lungs. Appropriate mechanistic studies are 
clearly needed.

�Infectious/Inflammatory Contribution

Chorioamnionitis predisposes to both preterm birth and later wheezing disorders. A 
logical approach to understanding underlying mechanisms is to expose an immature 
animal model to antenatal lipopolysaccharide (LPS). This has been shown to 
increase airway reactivity at postnatal day 21, including a thickened airway smooth 
muscle layer [48]. Of interest is the observation that postnatal caffeine reverses this 
LPS-induced increase in airway reactivity [49].

These findings somewhat parallel the response of the immature lung and airway 
to hyperoxic exposure. Prior studies in neonatal rodents have combined antenatal 
inflammation with postnatal hyperoxia and have suggested a synergistic effect of 
these interventions on airway resistance, although the focus was more on lung 
parenchyma than airway function [50, 51]. The most recent data indicate that the 
combination of antenatal LPS and postnatal hyperoxia (50 % O2 for 7 days) does not 
have a synergistic effect in aggravating later airway structure or function [52]. While 
both insults appear to upregulate growth factors such as connective tissue growth 
factor and transforming growth factor beta, the absence of a synergistic effect 
clearly requires further mechanistic study. Somewhat conflicting results may also be 
explained by the variable techniques for inducing antenatal chorioamnionitis and 
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the vastly different concentrations of supplemental oxygen and their duration that 
have been employed. Finally, it is widely known that preterm infants are predis-
posed to wheezing in response to postnatal infection with a variety of viral patho-
gens. Neonatal mice exposed to postnatal hyperoxia have subsequently been 
infected with influenza A virus; this model has demonstrated a reprogramming of 
key immunoregulatory pathways that may aggravate later airway function [53]. 
Greater mechanistic understanding may lead to protective strategies during infancy 
for vulnerable preterm infants.

�Conclusion/Speculation

While there is still much to be learned about the contributors to normal and abnor-
mal maturations of airway function, many lessons have been learned from a host of 
laboratory studies. In infants with BPD, it is likely that parenchymal lung injury in 
the form of alveolar simplification may contribute to poorly tethered airways and 
increased baseline resistance. In such infants, it is, however, highly likely that air-
way smooth muscle hypertrophy is an important contributor. From a functional 
standpoint, neural and epithelial elements may contribute to both enhanced contrac-
tile and decreased relaxant regulation of airway smooth muscle. What about the 
preterm infant who is predisposed to later wheezing, even though neonatal lung 
injury is minimal or modest, and none of the criteria for BPD are met? Neonatal 
rodent data would suggest that exposure to low supplemental oxygen and/or the 
pressure effects of CPAP predispose to later airway reactivity. Such studies need to 
address mechanistic pathways that, hopefully, can be translated to pathophysiology 
and therapy for the future respiratory well-being of former preterm infants.
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The Bronchopulmonary Dysplasia Diagnosis: 
Definitions, Utility, Limitations

Roberta L. Keller

Abbreviations

BPD	 Bronchopulmonary dysplasia
FRC	 Functional residual capacity
HHFNC	 Humidified high flow nasal cannula

�Bronchopulmonary Dysplasia: Description and Clinical 
Definitions

Bronchopulmonary dysplasia (BPD) was initially described as a condition charac-
terized by clinical, radiographic, and pathological findings in preterm infants who 
had prolonged exposure to high airway pressures and hyperoxic gas mixtures for 
support of neonatal respiratory distress syndrome (hyaline membrane disease), sec-
ondary to insufficient surfactant production [1]. Lung parenchymal changes 
included thickening of the alveolar septae, fibrosis, and emphysema, with associ-
ated abnormal lymphatic vessels. Pronounced changes in the bronchial and bron-
chiolar mucosa, including necrosis and inflammation, and fibrosis and increased 
musculature in the bronchial walls were noted [1–3]. Infants with radiographic car-
diomegaly ultimately died from right heart failure and pulmonary hypertension 
(with supportive pathological findings) [2], and those who survived with persistent 
need for supplemental oxygen usually had only mild hyperinflation as residual 
radiographic sequelae. Thus, the persistent need for supplemental oxygen (FiO2 
>0.21) with accompanying radiographic changes was defined as bronchopulmonary 
dysplasia in surviving preterm infants, with Tooley and others choosing 28–30 days 
of age as the timing for determination of this diagnosis [4, 5].

However, the affected infants described by Northway were predominantly 
>30 weeks’ gestational age (and >1500 g at birth), a population that has since been 
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at low risk for these severe prolonged respiratory complications [5]. In fact, in 
describing evolving practices in neonatal intensive care, including early application 
of positive end expiratory pressure as a strategy to decrease exposure to hyperoxia, 
Tooley noted no mortality and a very low incidence of BPD in infants with birth 
weight >1500 g [4]. Thus, extremely preterm infants who were and currently are 
surviving at 28 days of age remain very immature, with many not yet in the alveolar 
stage of lung development [6]. Shennan et al. retrospectively evaluated the utility of 
the timing of weaning off supplemental oxygen as a predictor for later respiratory 
outcomes in infants ≤1500 g [7]. Poor respiratory outcome was defined as mortality, 
persistent oxygen therapy at 40 weeks’ postmenstrual age, respiratory tract surgery, 
recurrent hospitalizations for respiratory indication, or medication for wheeze by 
2 years of age, or radiographic changes, wheeze or respiratory distress with growth 
failure or neurodevelopmental consequences at 1 year of age. Twenty percent of 
infants (119/605) had abnormal respiratory outcome, and, regardless of gestational 
age at birth, infants who did not meet criteria for abnormal respiratory outcome 
weaned off supplemental oxygen at similar postmenstrual age. In fact, in assessing 
the persistent use of supplemental oxygen therapy for prediction of outcome, sensi-
tivity decreased and specificity increased with advancing postmenstrual age. At 
36  weeks’ postmenstrual age, oxygen therapy demonstrated moderate sensitivity 
and strong specificity for outcome prediction, with improved accuracy compared to 
28 days of age. Thus, from this cohort that included less mature infants (~220 infants 
were ≤1000 g at birth), BPD was explicitly offered as a predictor of later respiratory 
outcomes, with a proposal to delay its determination until near-term corrected age. 
As the increasing use of antenatal steroids and the approval of exogenous surfactant 
for treatment of respiratory distress syndrome further improved survival among the 
most preterm infants in the early 1990s, BPD determined at 36 weeks’ postmen-
strual age was increasingly reported as a neonatal respiratory outcome [8, 9].

Similar to the findings of Shennan et al., a secondary analysis of infants enrolled 
in the Trial of Indomethacin Prophylaxis (TIPP, birth weight 500–999 g, born 1996–
1998) demonstrated that, with advancing postmenstrual age at persistence of oxy-
gen supplementation, sensitivity decreased and specificity increased for prediction 
of pulmonary outcome at 18  months corrected age [10]. The majority of these 
infants were exposed to antenatal steroids and were treated with surfactant replace-
ment therapy. Criteria for poor pulmonary outcome were similar to those of Shennan 
and colleagues: mortality, any home respiratory support, respiratory medication 
administration (bronchodilators or inhaled or systemic steroids) for >2 months, or 
any hospitalization for respiratory indication. Fifty-four percent (506/945) of these 
extremely low gestational age newborns met criteria for poor outcome. Persistence 
of oxygen supplementation had equivalent predictive accuracy for pulmonary out-
come regardless of the timing of assessment (28 days, or 32, 34, 36, 38, or 40 weeks’ 
postmenstrual age). Based on these results, the investigators recommended no 
change to the current state of the field, with assessment and diagnosis of BPD at 
36 weeks’ postmenstrual age; some publications have referred to these criteria for 
the definition of BPD, the “traditional” criteria. However, it is interesting to note 
that the positive and negative predictive values (PPV and NPV) do change over the 
two study eras and with advancing postmenstrual age. In data from Shennan and 
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colleagues, PPV and NPV at 36  weeks’ postmenstrual age are 63  % and 90  %, 
respectively, whereas they are 75 % and 57 % at 36 weeks in the later study and 
90 % and 55 % at 40 weeks [7, 10]. Thus, in the current era, assessment at term 
(40 weeks’ postmenstrual age) likely improves specificity and positive predictive 
value, and could improve overall predictive accuracy for pulmonary outcome at 
follow-up at 1–2 years corrected age, depending on characteristics of the patient 
population under evaluation and the outcome of interest (Table 2).

Along with increased survival for the most immature infants, lung pathology of 
infants dying with BPD was changing. Husain et al. examined lung parenchymal 
changes in infants dying with and without surfactant [11]. They demonstrated that 
the degree of alveolar hypoplasia and enlargement (alveolar simplification) was 
similar regardless of surfactant administration, but fibrosis was more universal and 
severe in infants who were not treated with surfactant. Bhatt and colleagues further 
noted that infants dying with BPD had a decreased alveolar capillary network pres-
ent within the thickened alveolar septae [12]. Commentaries focused on these find-
ings proposed a “new” BPD, characterized by an arrest of alveolar and microvascular 
development in these extremely preterm infants (born in the late canalicular/early 
saccular phases of lung development), in whom the usual signals for alveolarization 
and angiogenesis became disrupted through premature exposure to the extrauterine 
environment, including inflammatory stimuli and ambient or supplemental oxygen 
[6, 13–15].

In considering this evolving clinical entity, participants in an NIH-sponsored 
workshop in 2000 proposed a severity scale for the diagnosis of BPD. Their recom-
mendations were based on the utility of BPD as a predictor of later respiratory 
morbidity, without regard for radiographic findings [16]. BPD was to be assessed at 
36 weeks’ postmenstrual age, and infants without 28 days of supplemental oxygen 
exposure (for >12 h per day) up to that point were classified as no BPD. Of those 
infants with at least 28 days of exposure to supplemental oxygen, infants on assisted 
ventilation (positive pressure ventilation or nasal continuous positive airway pres-
sure), or with FiO2 ≥0.30, were classified as severe BPD. Infants supported with 
FiO2 0.22–0.29 were classified as moderate BPD, and those without supplemental 
FiO2 were classified as mild BPD. These recommendations also stated that the level 
of support used for the determination of severity of BPD at 36 weeks should be 
representative of the support the infant was receiving (e.g., an infant usually on low 
flow nasal cannula support with FiO2 0.25, who was intubated for a procedure 
should not be classified as severe BPD). This severity scale was validated by 
Ehrenkranz et al. in retrospective data from 3848 infants ≤1000 g born from 1995 
to 1999, with minor modifications due to discharge or transfer at <36 weeks’ post-
menstrual age, lack of data on duration of daily oxygen supplementation, and clas-
sification of all infants receiving nasal cannula support with FiO2 >0.22 as moderate 
[17]. Increasing severity of BPD was associated with higher rates of respiratory 
morbidity at 18–22 months corrected (for prematurity) age, although sensitivity and 
specificity were modest (Table 2). In further support of the proposed NIH Workshop 
definition, the requirement for an abnormal chest radiograph did not substantially 
impact the utility of the dichotomous BPD definitions at 28 days and 36 weeks’ 
postmenstrual age.

BPD: Definitions and Limitations
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�Bronchopulmonary Dysplasia: Physiologic Definitions 
and Considerations

Ultimately, BPD status for any infant based on these definitions of BPD hinges upon 
the clinical prescription of supplemental oxygen, which is known to vary by center, 
and will depend on oxygen saturation targets [18, 19]. In evaluation of this clinical 
variability, Walsh and colleagues proposed the use of a “physiologic challenge,” at 
36 ± 1 weeks’ in which infants who are not on assisted ventilation but are receiving 
supplemental oxygen, undergo a protocolized reduction of oxygen and flow (if on 
nasal cannula support) [20, 21]. Additional eligibility for the challenge includes an 
FiO2 <0.30, which is further clarified to be “effective” FiO2 by some investigators 
and clinicians (since delivered FiO2 by nasal cannula will vary based on the flow 
and its relationship to the infant’s size, in addition to the FiO2 set from the gas 
source) [18, 22–26]. Infants who are unable to maintain a prespecified oxygen satu-
ration either during the pretest observation period, in the course of the oxygen and 
flow reduction stage, or in the postreduction observation period (in room air off 
respiratory support), are classified as BPD. In an initial multicenter experience with 
the physiologic challenge in 17 academic centers, the diagnosis of BPD fell from 35 
to 25 % in 1598 infants, with considerable variability in rates of BPD persisting 
across the centers [21]. However, more recent data suggest that lesser differences 
may be present in comparing the clinical and physiologic definitions; Stoll et al. 
describe incidences of BPD of 42 % and 40 % with the clinical and physiologic 
definitions, respectively, in a cohort of 9575 infants from 20 academic centers with 
birth weight ≤1500 g [27]. Clinical and physiologic definitions of BPD are sum-
marized in Table 1.

As the impact of the physiologic challenge test on rates of BPD has decreased, 
failure rates for the physiologic challenge test have increased. In the initial multi-
center experience, 44 % (101/227) of infants passed the physiologic challenge [21]. 
In contrast, only 30 % (80/266) of infants in the recent Prematurity and Respiratory 
Outcomes Program (PROP) study passed the challenge [28]. It is important to note 
that these studies both used the same oxygen saturation cutoff for failure (<90 %) 
[21, 29]. Higher oxygen saturation cutoffs will result in lower rates of passing the 
physiologic challenge; therefore, overall rates of BPD by physiologic definitions 
will vary based on oxygen saturation targets [20]. In practice, lower clinical oxygen 
saturation targets result in fewer infants remaining on supplemental oxygen and 
eligible for the challenge, while lower test saturation targets result in fewer infants 
failing the physiologic challenge, together resulting in lower rates of BPD.

Given consistency in oxygen saturation criteria, the results of the physiologic 
challenge have been validated with respect to baseline level of support. Infants on 
low flow nasal cannula (0.02–2.00 LPM) with effective FiO2 0.21–0.49 who under-
went physiologic challenge were more likely to pass the challenge with a lower 
baseline effective FiO2 (0.23 ± 0.03 versus 0.26 ± 0.05) [23].

An additional potential benefit of the physiologic challenge is for the classification 
of infants receiving respiratory support without supplemental oxygen. This scenario 
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is not explicitly addressed by any of the clinical definitions for BPD, with the excep-
tion of the use of assisted ventilation for support in infants with severe BPD. Walsh 
and colleagues described infants on low flow nasal cannula (0.13–2.00 LPM) with 
FiO2 0.21; 15/22 (68 %) of infants passed the challenge [23]. Similarly, in PROP, 
55/81 (68  %) of infants on nasal cannula support without supplemental oxygen 
passed the physiologic challenge [28]. Use of newer respiratory support strategies, 
such as humidified high flow nasal cannula (HHFNC), which provides variable 
degrees of positive pressure respiratory support (that are not measured in most clini-
cal settings), is particularly challenging to classify (with or without supplemental 
oxygen) [30]. In addition to the inability to assess its contribution to stabilizing an 
infant’s respiratory status due to inconsistent provision of positive pressure, the use of 
HHFNC adds further variability to a clinical diagnosis of BPD as it is not currently 
employed in a consistent manner within and across centers [31–33].

Table 1  Definitions of bronchopulmonary dysplasia, based on ongoing use of supplemental 
oxygen and/or level of respiratory support (see text for detail)

Definition Comments

Clinical

28 days of age [4, 5] Only receipt of supplemental oxygen required, without specification 
for level of respiratory support
May be specified to require supplemental oxygen for each of the 
first 28 days

36 weeks’ PMA [7] Only receipt of supplemental oxygen required, without specification 
for level of respiratory support
May be modified to classify all infants on assisted ventilation as 
BPD (similar to physiologic definitions), but this is not specified in 
most publications
May be modified to include status at discharge to home or transfer 
to another hospital prior to 36 weeks’ PMA

NIH Workshop 
(“severity” definition of 
none, mild, moderate, 
severe) [16, 17]

Should reflect infant’s usual level of support at 36 weeks’ PMA
28 days of FiO2 >0.21 for at least 12 h per day prior to 36 weeks’ 
PMA required, but some have modified the definition to require 
FiO2 >0.21 at 28 days of age (rather than 28 days of supplemental 
oxygen), or to drop this requirement (infants without supplemental 
oxygen at 36 weeks’ PMA are No BPD)
Infants on assisted ventilation are classified as severe
“Effective FiO2” may be used in some cases to determine severe 
versus moderate classification
Categories may be collapsed to moderate-to-severe versus none

Physiologic

“Severity” definition 
(none, mild, moderate, 
severe) [16, 24]

Determined at 36 ± 1 weeks’ PMA with ongoing need for 
supplemental oxygen determined by physiologic challenge
“Effective FiO2” <0.30 may be used to determine eligibility for 
challenge
Categories may be collapsed to moderate-to-severe versus none

36 weeks’ PMA [20, 21] Determined at 36 ± 1 weeks’ PMA as ongoing assisted ventilation 
or ongoing need for supplemental oxygen (FiO2 >0.21)

PMA postmenstrual age

BPD: Definitions and Limitations
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Another aspect of the respiratory status of former preterm newborns to be con-
sidered when evaluating the need for ongoing respiratory support is dysmaturity of 
control of breathing. Infants born more preterm are more likely to have persistent 
episodes of periodic breathing and/or desaturation at and beyond 36 weeks’ post-
menstrual age and term [34–37]. Coste et al. demonstrated that control of breathing 
was an important factor in passing the physiologic challenge test for BPD at 
36 weeks’ postmenstrual age [38]. Sixteen of 17 preterm infants who experienced 
increased periodic breathing during the challenge subsequently failed the challenge 
due to desaturation. This does not preclude the coexistence of lung disease, how-
ever. In healthy former preterm infants off respiratory support, both frequency of 
apnea and proportion of apneic events with desaturation were inversely related to 
functional residual capacity (FRC), and desaturations were also inversely related to 
minute ventilation [39]. Consistent with these findings, Coste and colleagues found 
that infants failing the physiologic challenge averaged higher baseline nasal cannula 
flows than those passing the test (1.1 LPM versus 0.4 LPM), whereas FiO2 was not 
a significant discriminator of the challenge result [38]. Thus, positive pressure pro-
vided by nasal cannula support could stabilize an infant’s FRC, decreasing periodic 
breathing and desaturation, and account for the ongoing prescription of respiratory 
support in the clinical setting, as well as failure to maintain oxygenation during the 
physiologic challenge [30, 40]. This could be true even in the absence of supple-
mental oxygen, which would explain why approximately one third of infants on 
nasal cannula flow without supplemental oxygen are reported to have failed the 
challenge test [23, 28].

Interestingly, with respect to the variable physiology of BPD that is reflected in 
the persistence of respiratory support with or without oxygen supplementation in 
extremely premature newborns, Ballard and colleagues prospectively planned for 
repeat clinical or physiologic assessments at 40 weeks’ postmenstrual age (term) in 
two trials of investigative therapies to prevent BPD [24, 26, 41]. Both of these stud-
ies showed substantial decreases in the diagnosis of BPD in survivors between 36 
and 40 weeks (66 % versus 38 % in the more recent Trial of Late Surfactant) [26].

�Validation of the Diagnosis of BPD: Respiratory Morbidity 
Outcomes

Although there are multiple studies demonstrating that various definitions of BPD 
are significantly associated with respiratory morbidity at follow-up, there are few 
studies that explicitly evaluate validity of the BPD diagnosis for prediction of later 
pulmonary outcomes [42–44]. As previously noted, Shennan and Davis and their 
colleagues evaluated evolving clinical definitions of BPD for accuracy in predicting 
various pulmonary outcomes at 1–2 years corrected age, while Ehrenkranz et al. 
also provided important validation data [7, 10, 17]. Findings are summarized in 
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Table 2. Parad et al. evaluated the utility of BPD diagnoses at 28 days and 36 weeks’ 
postmenstrual age for respiratory morbidity outcomes defined at 2 years corrected 
age (cough, wheeze, respiratory medication use, and hospitalization for respiratory 
indication) [45]. They found poor utility for both BPD definitions (area under the 
receiver-operator curve 0.50–0.62) in both development and validation cohorts. 
They also compared the performance of the BPD classifications to prevalence of 
respiratory symptoms or medications use at 1 year corrected age, demonstrating 
that 1-year respiratory morbidity was significantly better at predicting 2-year out-
comes than BPD (area under the receiver-operator curve 0.64–0.78) [45]. Taken 
together, these studies suggest that sensitivity is higher than specificity at 28 days, 
while the reverse is true at 36 weeks’ postmenstrual age, although this does not 
necessarily translate into greater accuracy for outcome prediction. Also, BPD may 
be a better predictor of composite morbidity outcomes (which incorporate home 
respiratory support and respiratory medications and hospitalizations, with or with-
out symptoms) than it is of individual respiratory morbidity domains (home sup-
port, medications, hospitalization, or symptoms).

Ehrenkranz also demonstrated significant increases in rates of use of respiratory 
medications (diuretics and bronchodilators) and hospitalization for respiratory indi-
cation with increasing severity of BPD, by the NIH Workshop definition [17]. I have 
been unable to identify published reports of the relationship of the physiologic defi-
nitions of BPD and later pulmonary outcomes.

�Validation of the Diagnosis of BPD: Pulmonary Function

The classification of BPD based on physiologic definitions demonstrates that, at 
least for brief observation periods, infants without BPD do not require respiratory 
support (with or without supplemental oxygen) to maintain adequate oxygen satura-
tions. The differences leading to the ongoing need for respiratory support are likely 
related to lung structure and function, with some contribution of variable maturation 
of control of breathing. Kaempf and colleagues demonstrated that infants with BPD 
(as classified by both clinical and physiologic definitions) have higher capillary 
PCO2 at 36 weeks’ postmenstrual age than infants without BPD, indicating poorer 
respiratory system function at the time of the diagnosis of BPD [46]. We have 
recently reviewed pulmonary function in former preterm infants in infancy and 
childhood [47]. Generally, pulmonary function tests demonstrate that lung function 
in infants and young children is decreased following a diagnosis of BPD (by various 
definitions, although most commonly a clinical diagnosis at 36 weeks’ postmen-
strual age) compared to full-term controls. Former preterm infants without BPD 
also often demonstrate lower lung function than controls but better function than 
infants with BPD. Airway obstruction, with or without differences in lung volumes, 
is the most common abnormality in lung function. Former preterm children with 
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and without BPD may have evidence of relative decline in lung growth, before com-
pensatory growth is seen, although there can be a persistence of decreased lung 
function at school age and beyond. Filbrun and colleagues demonstrated that one 
factor associated with improving lung function in children with a diagnosis of BPD 
is “catch-up” growth, which exceeds expected growth rates [48]. Other work has 
shown that children with a diagnosis of BPD experience less compensatory lung 
growth than children without BPD [49].

Balinotti and colleagues have shown that infants with BPD have decreased 
alveolar-capillary surface area, relative to lung volume, compared to full-term con-
trols [50]. Follow-up work showed this difference is due to proportional decreases 
in both the pulmonary diffusion membrane and capillary blood volume components 
[51]. These data are consistent with enlarged alveoli with decreased septation. In 
addition, both of the components (capillary membrane and capillary bed) were 
directly related to body length, providing a pathway by which enhanced somatic 
growth in former preterm infants could result in improved lung structure and nor-
malization of lung function, as well as an explanation for increasing or persistent 
decrements in lung function in childhood, particularly in children with a diagnosis 
of BPD.

�Validation of the Diagnosis of BPD: Nonpulmonary Outcomes

Generally, the diagnosis of BPD correlates with other neonatal morbidities of pre-
maturity. This convergent validity has been demonstrated for both clinical and 
physiologic definitions of BPD [17, 25, 28]. Ehrenkranz et al. evaluated a modifi-
cation of the NIH Workshop definition, demonstrating increased rates of severe 
intraventricular/intracranial hemorrhage, sepsis, and necrotizing enterocolitis with 
increasing severity of BPD [17]. Similarly, Poindexter and colleagues evaluated 
two clinical definitions of BPD determined at 36 weeks’ postmenstrual age—mod-
ified versions of the definition proposed by Shennan et al. and the NIH workshop 
definition. Infants with BPD by either definition were significantly more likely to 
have severe intraventricular/intracranial hemorrhage, sepsis, and severe retinopa-
thy of prematurity [28]. With respect to the binary physiologic definition of BPD 
at 36  weeks’ postmenstrual age, Natarajan et  al. showed that BPD was signifi-
cantly associated with increased rates of severe intraventricular/intracranial hem-
orrhage, sepsis, necrotizing enterocolitis requiring surgery, and severe retinopathy 
of prematurity [25]. Thus, the level of illness and immaturity that lead to the diag-
nosis of BPD, also carry risks of these other morbidities, which, in some cases, 
may directly increase the risk of BPD due to associated inflammation (particularly 
sepsis and necrotizing enterocolitis) [52]. Similarly, neurologic injury is associ-
ated with delayed brain development, which may influence maturation of respira-
tory control [53–55].

The diagnosis of BPD has also been associated with poor somatic growth. 
Poindexter and colleagues showed increased rates of growth failure (weight <10th 
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percentile) at 36 weeks’ postmenstrual age with both of their clinical definitions of 
BPD [28]. In infants with severe BPD, the prevalence of growth failure increased 
with advancing postmenstrual age (36–48  weeks’) among infants who remained 
hospitalized [56]. Rates of growth failure (<10th percentile) at 18–22 months cor-
rected age also increased with increasing severity of BPD by the NIH Workshop 
definition and the diagnosis of BPD by the physiologic definition, with length and 
head circumference more variably affected [17, 25].

Multiple neonatal morbidities are associated with adverse neurodevelopmen-
tal outcomes in extremely preterm infants [57–59]. Among the nonneurologic 
morbidities, the diagnosis of BPD has been consistently associated with poorer 
neurodevelopmental status, at least doubling the odds of developmental disabil-
ity [57, 59]. Schmidt and colleagues used a clinical definition of ongoing receipt 
of supplemental oxygen at 36  weeks’ postmenstrual age for these analyses. 
Other investigators have also shown associations between clinical diagnoses of 
BPD and neurological outcomes, although some studies have focused on more 
severe definitions of BPD (e.g., including only those infants discharged on sup-
plemental oxygen) [10, 60, 61]. However, Laughon and colleagues were unable 
to show a significant relationship between BPD and neurodevelopmental out-
come at 2 years corrected age after adjusting for various antenatal factors con-
sidered to be antecedents of BPD [62]. Ehrenkranz and colleagues did show a 
significant association with severity of BPD using the clinical NIH Workshop 
definition and various neurodevelopmental outcomes [17]. And, Davis et  al. 
showed similar utility of both 36- and 40-week clinical definitions of BPD for 
neurodevelopmental outcomes at 18  months corrected age [10]. Finally, 
Natarajan and colleagues demonstrated significant associations between the 
binary physiologic definition of BPD and various cognitive and motor outcomes 
at 18–22 months corrected age [25].

�Implications of BPD Definitions: Clinical Practice and Clinical 
Trials

There is considerable variability in rates of BPD between centers, which persists 
even after adjustment for important infant characteristics [63]. Thus, there are both 
research and clinical implications to the selection of a definition for BPD. Beam and 
colleagues performed a systematic review of clinical drug trials for the prevention 
of BPD published from 1992–2014 [64]. The majority of these trials used clinical 
definitions of BPD as outcomes, two thirds determined BPD at 36 weeks’ postmen-
strual age and one third at 28 days; only two trials used a physiologic definition of 
BPD. Therefore, the variability in rates of BPD between centers is problematic in 
the conduct and interpretation of clinical trials, a challenge which is only partially 
ameliorated by use of the physiologic definition of BPD [21, 65, 66]. However, this 
variability also increases concern for the generalizability of data from single center 
studies.
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Multicenter collaborations focused on benchmarking and quality improvement, 
such as the Vermont Oxford Network and the California Perinatal Quality Control 
Collaborative primarily focus on clinical definitions of BPD, which are the most 
straightforward for staff to collect and report [46, 66]. However, in benchmarking 
clinical outcomes within these collaborations, differences in infant baseline charac-
teristics, clinical management strategies, and the application of respiratory support 
strategies near term (including oxygen saturation targets) may not be accounted for, 
despite their importance.

One of the major limitations of both the clinical and physiologic definitions of 
BPD is that they convey little information about those infants who do not carry that 
diagnosis from the neonatal period. Many of these infants have abnormal lung func-
tion near-term corrected age. And, as previously noted, up to 25–30  % of these 
infants have later respiratory morbidity by a variety of measures, with increased 
risks of wheezing illness compared to term-born children, regardless of the extent 
of prematurity or diagnosis of BPD [17, 67]. Thus, various observational and inter-
ventional studies focused on BPD as an outcome, regardless of the definition used, 
fail to fully evaluate the relationship of various clinical and biological factors to 
important respiratory outcomes.

However, the use of later respiratory outcomes (e.g., at 1–2 years corrected age) 
for both clinical trials and benchmarking has not been widely adopted, although 
various outcomes have been investigated [68, 69]. It is likely these later outcomes 
are influenced by a variety of socioeconomic and genetic factors, some of which 
may also effect lung growth and function over time, complicating their application 
in neonatal practice and investigation [70, 71]. Yet, neurodevelopmental status at 
18 months – 2 years corrected age is commonly used as an outcome in neonatal 
clinical trials; assessment of respiratory outcomes should not be considered differ-
ently, particularly as later respiratory morbidity may be more predictive of lifetime 
respiratory outcomes than BPD.

�Conclusion

BPD remains an important early marker of later pulmonary outcomes, but the patient 
population of interest, the specific definition of BPD, and any later respiratory out-
comes under evaluation must be considered in the interpretation of any findings. In 
investigation of strategies to improve respiratory outcomes in preterm infant, particu-
larly in those born extremely preterm, it is important to measure outcomes beyond 
the diagnosis of BPD alone, as it may not fully represent the degree of underlying 
lung dysplasia and remains an imperfect predictor of later respiratory morbidity.
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�Introduction

Over the last few decades, the survival of preterm infants has significantly increased 
with the improvements in neonatal intensive care and respiratory support [1–3]. The 
preterm infants, and particularly those born before 28 week of gestation, are at sig-
nificant risk for developing bronchopulmonary dysplasia (BPD) [1–4]. BPD is the 
most common chronic pulmonary complication causing significant morbidity and 
mortality in this population. Multiple factors, such as lung immaturity, oxygen toxic-
ity, mechanical ventilation, and prenatal or postnatal infections, contribute to the 
pathogenesis of BPD. Insults to an immature lung induced by these factors produce 
lung injury that is associated with inflammation, including accumulation of inflam-
matory cells with elevation of pro-inflammatory cytokines, production of reactive 
oxygen species, and edema, all of which may damage the alveolar/capillary unit [5]. 
Injury at early stages of development can disrupt alveolar and vascular development 
and induce tissue remodeling with interstitial fibrosis, all of which results in the path-
ological hallmarks of BPD [4]. Severe BPD is often complicated by vascular remod-
eling leading to pulmonary hypertension and right ventricular hypertrophy [6, 7].

Many BPD survivors are now well into their adulthood providing a better under-
standing on these long-term respiratory outcomes. Evidence from clinical data and 
research studies indicate that these BPD survivors can have persistent abnormalities 
in their lung structure, imaging results, and lung function [8, 9]. This population is 
at a greater risk for rehospitalizations due to respiratory illnesses, often being admit-
ted into pediatric intensive care units [10]. It is also possible that BPD survivors 
may have a reduced ability to reach their peak potential in lung function that occurs 
at around 20 years of age and may have an accelerated decline in function with 
aging [8, 11].

This chapter provides a brief overview of normal lung developmental processes, 
BPD pathogenesis, and long-term respiratory outcomes including structural, radio-
graphic, and functional perspectives, in preterm infants, particularly in those with 
BPD.

�Part I: Stages of Lung Development

Because BPD is primarily a derangement of lung development, it is important to 
consider the normal processes of lung development to better understand the patho-
genesis of BPD.

Human lung development begins as formation of airway primordia in the embry-
onic period and subsequently undergoes branching morphogenesis to form the con-
ducting airway. This is followed by expansion of the terminal airways in combination 
with epithelial cell differentiation and vascular development to form the alveoli. 
Based on the histological appearances, lung development is classically divided into 
five overlapping stages: embryonic, pseudoglandular, cannalicular, saccular, and 
alveolar [12, 13].
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�Embryonic Stage

The embryonic stage of human lung development is from 4 to 7 weeks of gestation. 
At the beginning of this stage, the lung originates as the laryngotracheal groove 
from the ventral surface of the primitive foregut. The proximal portion of the laryn-
gotracheal groove separates dorsoventrally from the primitive esophagus to form 
the tracheal rudiment, which gives rise to the left and right main stem bronchi by 
branching into the ventrolateral mesenchyme derived from the splanchnic meso-
derm. Subsequently, the right main bronchus branches to form three lobar bronchi, 
and the left main bronchus branches to form two lobar bronchi, giving rise to the 
three lobar right lung and two lobar left lung [12, 13].

�Pseudoglandular Stage

During the pseudoglandular stage (5–17 weeks of gestation), the airway epithelial 
tubules undergo reproducible, bilaterally asymmetrical, and stereotypical branching 
to form a tree-like structure which gives rise to 16 generations of conducting air-
ways up to the level of terminal bronchioles. There is also proximal airway epithe-
lial differentiation with the appearance of basal cells, goblet cells, pulmonary 
neuroendocrine cells, ciliated cells, and nonciliated columnar (Clara) cells. The sur-
rounding mesenchymal cells differentiate into fibroblasts, myofibroblasts, smooth 
muscle cells, and chondrocytes to form muscle and cartilage around the proximal 
airways. The vascular growth is in close proximity to the airway branching during 
this stage. By the end of the pseudoglandular stage, the conducting airways and 
their accompanying pulmonary and bronchial arteries are developed into the pattern 
corresponding to that found in the adult lung [12, 13].

�Cannalicular Stage

During the cannalicular stage (16–26 weeks of gestation), the terminal bronchioles 
continue to branch to form the final 7 generations of the respiratory tree that supply 
gas to the distal airspaces. The respiratory bronchioles branch out from the terminal 
bronchioles to form the acini, a process that is accompanied by increasing develop-
ment of the capillary bed, the beginning of alveolar type II epithelial (AT II) cell 
differentiation to synthesize surfactant proteins, and the thinning of the surrounding 
mesenchymal tissues. The lung appears “canalized” as capillaries begin to arrange 
themselves around the airspaces and come into close apposition with the overlying 
epithelium. At sites of apposition, thinning of the epithelium occurs to form the first 
sites of the air-blood barrier. Thus, if a fetus is born at around 24 weeks of gestation, 
the end of the cannalicular stage, these primitive acini have the capacity to perform 
some degree of gas exchange with or without respiratory support [12, 13].
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�Saccular Stage

The saccular stage is from 24 to 36 weeks of gestation. During this stage, clusters of 
thin-walled saccules appear in the distal lung to form the alveolar ducts, the last 
generation of airways prior to the development of alveoli. Small mesenchymal 
ridges are developed on the saccule walls to form the initial stage of alveolar septa-
tion. The capillaries form a bilayer “double capillary network” within the relatively 
broad and cellular intersaccular septae. The AT II cells are further differentiated and 
become functionally mature with the ability to produce surfactant. Also, the alveo-
lar type I epithelial (AT I) cells are differentiated from the AT II cells at sites appos-
ing the capillaries for gas exchange. The interstitium between the air spaces becomes 
thinner as the result of decreased collagen fiber deposition. Furthermore, elastic 
fibers are deposited in the interstitium, which lays the foundation for subsequent 
septation and formation of alveoli [12, 13].

�Alveolar Stage

During the alveolar stage (36 weeks of gestation to childhood), the saccules are 
subdivided by the ingrowth of ridges or crests known as secondary septae. The AT 
II and AT I cells continue to differentiate. Postnatally, the alveoli continue to multi-
ply by increasing secondary septae. Between birth and adulthood, the alveolar sur-
face area expands nearly 20-fold. Early in this stage, the capillary network is in a 
double pattern in the alveolar septae. Postnatally, with the process of alveolar septa-
tion and thinning of the primary septae, the matching capillary network undergoes 
a maturational process with the double capillary network fusing into a single layer 
to assume the form present in the adult lung. Thus, the capillary volume is increased 
by 35-fold from birth to adulthood [12, 13].

�Part II: Pathogenesis of BPD

With its vast airway and alveolar epithelium open to the atmosphere, the newborn 
lung is at great risk for harmful environmental insults such as oxidative stress, phys-
ical forces, and infective agents. These environmental challenges place the lung 
under constant threat of injury, repair, and remodeling processes. The lungs of full-
term neonates have a great ability to overcome various injuries, to mount the needed 
repair and remodeling processes, and ultimately to maintain and/or restore normal 
lung architecture and normal lung function. When premature delivery occurs, par-
ticularly between 24 and 28 weeks of gestation, the lungs of these preterm infants 
are in the late canalicular to early saccular stage. Alveolarization has not yet begun 
and surfactant production is minimal. These lungs are at great risk for injury and 
altered development leading to BPD.
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Over the past four decades, due to the significant improvement of neonatal inten-
sive care, introduction of exogenous surfactant therapy and advanced ventilator 
strategies, survival rates among extremely premature infants have markedly 
improved. Along with this, the incidence of BPD has also increased. The current 
definition of BPD is based on oxygen dependency or respiratory support at 36 weeks 
postmenstrual corrected age [4]. The present form of BPD is increasingly being 
recognized as a developmental arrest of the immature lung secondary to multiple 
antenatal and postnatal factors. Larger and simplified alveoli and decreased vascular 
growth are the key pathological features observed in the lungs of infants dying of 
BPD at present [14]. The combination of decreased vascular growth and excessive 
pulmonary vascular remodeling frequently leads to pulmonary hypertension which 
significantly contributes to the morbidity and mortality of these infants [6, 7].

Inflammatory injury triggered by prenatal and postnatal infections, oxygen tox-
icity or mechanical ventilation is recognized as central to the pathogenesis of 
BPD. Numerous clinical and experimental studies have demonstrated the critical 
role of inflammatory cytokines and chemokines in BPD development and progres-
sion [5, 15, 16]. There is an increasing recognition of the role of interleukin-1beta 
(IL-1β) in the pathogenesis of BPD. In clinical studies, increased levels of IL-1β in 
lung lavage of preterm infants correlate with increased BPD risk [17]. In experi-
mental models of BPD, treatment with an IL-1 receptor antagonist (IL-1RA) pre-
vents lung inflammation and injury in newborn mice that are exposed to perinatal 
inflammation and moderate postnatal hyperoxia similar to the double hit that is 
commonly experienced by preterm infants who are at risk for developing BPD [18]. 
Activated IL-1β is the end product of the assembly and activation of the inflamma-
some, a large molecular platform that triggers the activation of inflammatory cas-
pases and processing of prointerleukin-1β [19]. It is now well established that these 
inflammasomes act as signaling platforms that can respond to a plethora of micro-
bial products, as well as endogenous host products associated with cellular stress 
and damage, and they play a pivotal role in innate immunity. These multiprotein 
complexes contain a sensor protein (NLR) which upon activation by pathogen-
associated molecular patterns or damage-associated molecular patterns, oligomer-
ize, and recruit the adaptor protein ASC (apoptosis-related speck-like protein 
containing a caspase recruitment domain) and the cysteine protease procaspase-1, 
leading to the autocatalysis and activation of caspase-1. Active caspase-1 ultimately 
cleaves the precursor pro-inflammatory cytokines pro-IL-1β and pro-IL-8 into their 
mature secreted forms. Activation of inflammasome pathway also plays a critical 
role in the pathogenesis of adult pulmonary diseases [20]. A recent study has 
demonstrated a critical role of NLRP3 in the development of BPD by demonstrating 
that hyperoxia activates caspase-1 and IL-1β and induces lung inflammation in new-
born mice, and blocking NLRP3 inflammasome or knockout of NLRP3 gene pre-
vents these responses [21].

Experimental data also indicate that alterations of growth factors signaling path-
ways that regulate normal lung development may also play an important role in 
BPD pathogenesis. Although many growth factors have been shown to be involved 
in neonatal lung injury, transforming growth factor beta (TGF-β) and vascular 
endothelial growth factor (VEGF) are probably the two most important growth 
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factors. Clinical studies have found that increased TGF-β concentrations in bron-
choalveolar lavage fluid (BAL) of preterm infants or amniotic fluid of preterm 
deliveries are correlated with subsequent development of BPD [22, 23]. Preterm 
infants who subsequently developed BPD have lower VEGF concentration in their 
tracheal aspirates compared to those who did not develop BPD [24]. Expression of 
VEGF and VEGF receptor 1 is decreased in lung autopsy specimens from preterm 
infants dying with BPD, and this was correlated with decreased PECAM expression 
in alveolar capillary endothelial cells [25].

Recently, some of the newer growth factors have been shown to also play an 
important role in lung development and BPD. One of these factors is connec-
tive tissue growth factor (CTGF), a member of CCN family of multimodular 
and matricellular proteins [26]. Historically, CTGF is best known for its fibro-
proliferative effect and is implicated in various forms of adult lung fibrosis 
[27, 28]. Increasing evidence indicates that CTGF also plays an important role 
in BPD pathogenesis. The clinical association of CTGF with BPD is best 
established by studies demonstrating increased CTGF concentrations in bron-
choalveolar lavage fluid from preterm infants developing BPD and increased 
CTGF expression in lung tissues of infants who died of BPD [29, 30]. Several 
studies have examined the potential role of CTGF in experimental BPD and 
demonstrated that increased CTGF expression is associated with chronic 
hyperoxia as well as mechanical ventilation induced lung injury in neonatal 
rodents [31–33]. Recent studies utilizing genetic gain of function have demon-
strated that targeted overexpression of CTGF in AT II cells induces the patho-
logical hallmarks of severe BPD, including decreased alveolar and vascular 
development, and increased vascular remodeling and pulmonary hypertension 
[34]. In contrast, in a hyperoxia-induced newborn rat model of BPD, adminis-
tration of a CTGF neutralizing antibody improved alveolar and vascular devel-
opment and decreased pulmonary vascular remodeling and pulmonary 
hypertension (Fig. 1) [30].

�Part III: Long-Term Respiratory Outcomes of BPD Survivors

There is clear evidence that infants surviving with BPD have prolonged respira-
tory symptoms and persistent abnormalities in their lung structure and function 
that can persist into adulthood. While respiratory disease in adults is discussed 
in chapter “Sequelae of Prematurity: The Adolescent and Young Adult Patient”, 
and the options for diagnostic modalities are discussed in chapter “Diagnostic 
Modalities: Pulmonary Function Testing and Imaging”, this chapter will pro-
vide an overview of the respiratory symptomes, structural changes and func-
tional abnormalities of patients born preterm.
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�Respiratory Symptoms

Many of the premature infants with severe BPD are oxygen dependent for months 
prior to being discharged home, although this oxygen dependency is rarely seen 
after 2 years of age [35, 36]. Preterm infants are at a greater risk for being rehospi-
talized over the first few years of life, secondary to respiratory illnesses such as 
airway obstruction and respiratory tract infections [10, 37]. Early preterm infants 
(<32 weeks of gestation) require significantly more chronic oxygen therapy, trache-
ostomy, and treatment for pulmonary hypertension as compared to late-preterm 
(32–35 weeks of gestation) and full-term infants while being admitted to pediatric 
intensive care units [10]. Throughout childhood, adolescence, and young adulthood, 
BPD survivors have persistent respiratory symptoms. A recent study showed that at 
school age, children with BPD have more respiratory symptoms including 
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coughing, shortness of breath, wheezing, and activity restriction when compared to 
children born preterm without BPD and children born at term [38]. In addition, 
children in the BPD group are significantly more likely to be treated with asthma 
medications. Some of these respiratory symptoms persist into adulthood. In a sys-
tematic review that included 14 cohort studies on the respiratory outcome in adult 
BPD survivors, increased respiratory symptoms were reported in this population 
compared with their peers [39]. Adult BPD survivors are twice as likely to report 
wheezing and three times more likely to use asthma medication than preterm-born 
adults without BPD and term-born adult controls [40].

�Structural Abnormalities

There is increasing evidence that BPD survivors have persistent lung structural 
abnormalities. Although the exact mechanisms contributing to these observations 
are not well established, early developmental disturbance and a sustained inflamma-
tory process secondary to early insults such as oxygen toxicity and mechanical ven-
tilation, as well as increased susceptibility to later infections or cigarette exposure 
are postulated as some of the underlying pathological causes.

Inflammation caused by mechanical forces, oxygen therapy and infections plays 
a key role in the development and progression of BPD. Some studies have indicated 
that the inflammatory process persists in BPD survivors. Increased levels of chemo-
kines (interferon-gamma inducible protein-10, macrophage inflammatory 
protein-1α, Eotaxin, monocyte chemoattractant protein-1), growth factors (platelet-
derived growth factor-bb, VEGF, fibroblast growth factor-basic, granulocyte macro-
phage colony-stimulating factor), T-helper cytokines 1 (Th1) (IL-12, interferon-γ), 
Th2 (IL-9, IL-13), Th17 (IL-6, IL-17) cytokines, and immunomodulatory mediators 
(IL-1RA and granulocyte colony-stimulating factor) were detected in nasopharyn-
geal aspirate of preterm infants at 1 year of age [41]. Increased neutrophils and IL-8 
concentrations are also found in the sputum of school children who were born 
before 32  weeks of gestation [42]. These results suggest that there is a possible 
ongoing airway inflammatory process in infants with BPD that could contribute to 
long-lasting respiratory symptoms and functional disturbance.

Another marker of ongoing airway disease is increased oxidative stress that is 
linked to airway inflammation and remodeling. Evidence of increased oxidative 
stress in former preterm infants with or without BPD is also emerging. 8-isoprostane 
is a prostaglandin F2α isomer formed by arachidonic acid peroxidation, catalyzed 
by free radicals, i.e., a biomarker of lipid peroxidation and oxidative stress. In one 
particular study with adolescents born before 32 weeks of gestation with or without 
history of BPD and control subjects who were born at term, increased exhaled 
breath condensate 8-isoprostane concentrations were detected in the preterm groups 
with or without BPD [43]. In adult lung diseases, increased oxidative stress in the 
airways is associated with chronic obstructive pulmonary disease (COPD) [44]. 
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This persistence of increased oxidative stress well into the adolescence of former 
premature infants may place them at a greater risk for future development of COPD.

The pathological hallmarks of BPD include decreased alveolarization and vascu-
lar growth that can lead to inhibition of alveolar–capillary membrane structural 
development and function (Fig. 2) [45]. Much of our understanding of BPD pathol-
ogy is from histopathological studies in lung autopsy specimens from infants who 
died of BPD. In the presurfactant era, generalized emphysematous changes were 
found in mechanically ventilated preterm infants and particularly the extremely pre-
mature infants [46]. Studies in the postsurfactant era demonstrated similar emphy-
sematous changes in preterm infants who died of BPD in infancy [14]. In addition, 
alveolar enlargement with blunted secondary septa, thickened alveolar–capillary 
membrane, and poor alveolar growth were also found in lungs of mechanical venti-
lated preterm infants [47].

Given the limited availability of such lung autopsy specimens in later BPD sur-
vivors, it is unclear whether these structural abnormalities of alveolar–capillary 
membrane persist into childhood, adolescence, and adulthood. However, studies 
assessing pulmonary gas exchange strongly support that there is a decreased alveo-
lar–capillary membrane function in older BPD survivors. Multiple studies have 

a b

Fig. 2  (a) Lung autopsy from a 12-year-old with BPD who was born at 26 weeks shows abnor-
mally large air spaces (asterisk) with simplified alveoli. A small bronchiole (BR) shows mild, 
chronic peribronchitis. (b) Lung section from an age-matched control shows normal alveolariza-
tion with numerous alveoli and a normal small bronchiole (BR) [45]
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used carbon monoxide diffusing capacity (DLco) to assess alveolar–capillary mem-
brane function in preterm survivors at childhood, adolescence, and adulthood [48–
52]. These studies consistently demonstrated a lower diffusing capacity in the 
subjects with a history of BPD. Furthermore, in the EPICure study with 11-year 
pulmonary outcomes, it was found that children with a history of BPD not only had 
a decreased DLco but they also had a reduced exercise capacity, even though these 
children were clinically well [53]. Taken together, these evidence highlight the com-
plexity and persistence of lung structural abnormalities that last well into the later 
life of preterm infants, particularly those survivors who had BPD.  Furthermore, 
these structural alterations provide a pathological basis for the persistent respiratory 
symptoms and functional disturbance observed in this population.

�Radiographic Abnormalities

Persistent radiographic abnormalities including multifocal hypoattenuated areas, 
linear and subpleural opacities, bronchial wall thickening, bullae, and bronchiecta-
sis are commonly reported in BPD survivors [50, 54–57]. High-resolution computed 
tomography (HRCT) of the chest is a sensitive tool for assessing lung parenchyma 
abnormalities in survivors of preterm infants [50, 54, 55]. A population-based study 
showed that linear opacities and triangular subpleural opacities are the two most 
common chest CT abnormalities in BPD survivors at 10 and 18 years of age [57]. 
The hypoattenuated areas may reflect “obstructive emphysema,” whereas the well-
defined linear densities may reflect areas of atelectasis, all of which are radiographic 
abnormalities that correlate with the pathological hallmarks of the “Old” BPD. These 
results further support that there is persistent lung structural damage in the survivors 
of BPD. The clinical relevance of these chest CT abnormalities was investigated in 
several studies. A retrospective study reported that the presence of areas of decreased 
attenuation significantly correlated with the BPD severity [54]. Chest CT abnor-
malities are also associated with decreased lung function in long-term survivors of 
BPD. The increased subpleural opacities and limited linear opacities are associated 
with low functional residual capacity (FRC) and longer duration of oxygen therapy 
[58]. The linear/triangular opacities and hypoattenuated areas were significantly 
associated with decreased forced expiratory volume at 1 s (FEV1) in BPD survivors 
at a mean age of 10–18 years [59]. In adult BPD survivors, the presence of emphy-
sema on chest CT is inversely related to the FEV1 z-score [50].

�Abnormal Pulmonary Function

Children, adolescents, and adults born extremely or very preterm, with or without 
BPD tend to have persistent lung function abnormalities. Measurements of forced 
flows and volumes, respiratory system mechanics, lung volumes and ventilation 
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homogeneity, and pulmonary gas exchange studies have been performed in these 
subjects. Common findings are airway obstruction, increased resistance and 
decreased compliance of the respiratory system, decreased alveolar–capillary diffu-
sion capacity, and decreased exercise capacity.

Persistent airway obstruction is one of the most common pulmonary function 
abnormalities associated with preterm birth at various ages. In early childhood, 
studies have uniformly demonstrated that BPD survivors have decreased airflow 
[60–62]. A longitudinal study assessing pulmonary function in infants with BPD up 
to 3 years of age demonstrated significant airflow obstruction and modest restriction 
that tends to persist with time [63]. These abnormal findings were detected by spi-
rometry using the raised volume rapid thoracoabdominal compression technique 
and by assessment of lung volume using plethysmography. Spirometry showed sig-
nificant reductions in FEV in 0.5 s (FEV0.5), FEV at 75 % of expired FVC (FEV75), 
and FEV25–75. Lung volume measurements demonstrated a mild elevation of resid-
ual volume (RV)/total lung capacity (TLC). These lung function abnormalities per-
sisted at a mean postnatal age of almost 2 years. Other studies have also showed 
similar findings in infants with history of BPD [59–61]. In addition, infants with the 
most severe obstruction also demonstrate increased bronchodilator responsiveness 
[63]. These abnormal findings may be attributed to persistent airway injury and 
remodeling resulting from a combination of lung immaturity and injury caused by 
mechanical ventilation, oxygen therapy, and infection. Multiple studies have 
assessed pulmonary function at early infancy in healthy premature infants born at 
30–34  weeks of gestation without neonatal respiratory complications and found 
persistently reduced airflow in the presence of normal lung volumes [64, 65]. These 
data suggest that prematurity alone could result in persistent airway obstruction in 
early infancy.

At school age, preterm-born infants, particularly those who had history of BPD, 
continue to have airway obstruction on pulmonary function tests [38, 53, 66–71]. 
The EPICure study assessed children’s lung function at 11 years after extremely 
preterm birth (<25 weeks of gestation) and compared them to their full-term born 
classmates [53]. Even after correction for height, age, and sex using standardized 
z-scores, the premature born children have significantly worse baseline lung func-
tion, including FEV1, FVC, FEV1/FVC, and FEV25–75. These differences are most 
prevalent in those with history of BPD. Children who were born with very low birth 
weight (≤1500 g) and without history of BPD also have lower FEV1, high residual 
volume to TLC, high flow resistance, and higher rate of bronchial hyperreactivity as 
compared to the cohort of term controls [51, 66, 67]. These abnormalities are asso-
ciated with low birth weight, long duration of oxygen therapy, low socioeconomic 
status, and exposure to animal dander [68]. In addition, prematurely born children 
also have a more frequent response to bronchodilator and lower post bronchodilator 
FEV1, indicating some degree of fixed airway obstruction [38, 69, 70]. It is impor-
tant to note that airway obstruction persists into adulthood in those born preterm as 
well [71]. A recent controlled population-based study assessed lung function from 
mid-childhood to adulthood after extreme preterm birth [72]. Two cohorts that rep-
resent the presurfactant era (born at 1982–1985) and the postsurfactant era (born at 
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1991–1992) were included in this study. It was found that preterm-born cohorts, 
particularly those with history of BPD, have significantly lower FEV1 and FEV25–75 
at 10 and 18 and at 18 and 25 years of age, respectively. In addition, in subjects with 
moderate/severe BPD, the predicted FEV1 barely exceeded 80 % that is considered 
a cut-off level required for the diagnosis of COPD (Fig. 3).

Besides airway obstruction and increased respiratory system resistance, preterm 
infants have decreased respiratory system compliance, particularly in those with 
moderate/severe BPD [73, 74]. This low compliance tends to normalize at 2 years 
of age, which may be related to increased alveolar formation. As discussed in the 
lung structural abnormalities section, children with history of BPD have reduced 
alveolar–capillary gas exchange as assessed by DLco and DLco to alveolar volume 
(DLco/VA). At 11 months of age, preterm infants with BPD exhibit lower DLco and 
DLco/VA, despite unchanged VA [75]. In older children, around 8 years of age, 
those born very preterm (≤32 weeks of gestation) also have lower DLco and DLco/
VA compared to age-matched controls born at term [68]. Increasing length of oxy-
gen therapy, but not gestational age or birth weight, is the strongest risk factor cor-
relating negatively with the z-DLco/VA measurement [51].

Both normal and abnormal exercise capacities, reflected by oxygen uptake at 
maximal exercise (VO2max) and 6-min walking distance, were reported in children, 
adolescents, and young adults born preterm [39, 71, 76–83]. Studies showed that 
adults who were born extremely premature in 1980s had reduced peak VO2 [78, 84], 
while adolescents who were born in 1991–1992 had modestly reduced peak VO2 
and treadmill distance compared to a term-born control group [81]. However, the 
values were within normal range in most subjects. Children with history of BPD 
have a reduced 6-min walking distance as compared to preterm children without 
BPD and term controls [80]. However, this difference was not significant after 
adjusting for confounding factors including gender, body height, and weight. A 
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study reported that at 10 years of age, children who were born extreme preterm have 
significantly lower peak VO2 but normal 6 min walking distance when compared to 
full-term born subjects [77]. A systematic review and meta-analysis concluded that 
preterm-born subjects with or without BPD have lower exercise capacity than term-
born control subjects [85]. The differences are small, and the BPD subjects are able 
to achieve near normal exercise capacity, but this may be at the expense of using 
more of their ventilatory reserve.

Taken together, the evidence is that long-term survivors of prematurity, particu-
larly those born very premature and those with BPD, have chronic pulmonary func-
tion impairment, particularly airway obstruction and gas trapping in childhood, 
adolescence, and young adulthood. Those who had BPD have more compromised 
lung function, alveolar–capillary gas exchange, and excise capacity than those who 
did not have BPD early in life. The long-term functional impairment may be related 
to persistent structural abnormalities in the small airways and alveoli. These find-
ings support the hypothesis that adults born preterm may be at increased risk for 
premature onset COPD.

�Long-Term Respiratory Outcomes in Late-Preterm-Born Infants

Most of the studies of long-term respiratory outcomes have been conducted in 
extremely and very preterm-born infants. Late-preterm infants born between 34 and 
36 weeks of gestation account for over 70 % of all preterm births and about 8 % of 
all birth in the United States [86, 87]. These infants were previously referred to as 
near-term infants, and until recently, they have been considered mature enough to be 
treated as term infants. The lungs of late-preterm infants are at the late saccular and 
beginning of alveolar stage. The surfactant production may still be relatively insuf-
ficient, and the antioxidant systems are not optimal. The alveolar structures are also 
immature with fewer alveoli and thicker alveolar septa. Delivery at this period can 
interrupt the critical developmental processes of alveolar formation and maturation 
and contribute to both short-term and long-term respiratory morbidities.

It is quite clear that infants born late preterm have increased short-term respira-
tory complications compared to term-born infants [88–90]. Late-preterm infants 
have an increased need for resuscitation at birth due to respiratory insufficiency 
[90]. A systematic review in 2011 demonstrated that they are more likely to need 
mechanical ventilation (RR, 4.9; 95 % CI, 2.8–8.6), nasal continuous positive air-
way pressure (RR, 9.8; 95 % CI, 5.1–18.8), and oxygen therapy (RR, 24.4; 95 % 
CI, 5.1–116.1) [91]. They also have a significant increase in respiratory distress 
syndrome (RR, 17.3; 95 % CI, 3.3–17.3), transient tachypnea of the newborn (RR, 
7.5; 95 % CI, 5.0–11.2), and pneumonia (RR, 3.5; 95 % CI, 1.4–8.9). These respi-
ratory complications are inversely associated with gestational age [90, 92]. Given 
that mechanical ventilation and oxygen therapy are important risk factors for lung 
injury in preterm infants, the increased need for these methods of support in the 
late-preterm infants may also put their relative immature lungs at a great risk for 
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short-term injury and perhaps long-term injury. Furthermore, respiratory infec-
tions, whether acquired prenatally or postnatally, are recognized to be a risk factor 
in the pathogenesis of BPD.  The increased rate of pneumonia in late-preterm 
infants not only highlights the risk for early lung disease but also indicates a risk 
factor for long-term lung injury.

Persistent respiratory symptoms are being recognized in children born late pre-
term. During infancy and early childhood, these children are at an increased risk for 
respiratory tract infections, particularly from respiratory syncytial virus (RSV) [93–
97]. A retrospective study showed that infants <6 months of age who were born at 
33–35 weeks of gestation have increased rates of hospitalization due to RSV infec-
tion compared to term-born infants [97]. The late-preterm infants with proven or 
probable RSV infection also have significant increases in all hospital utilization 
parameters and a mortality rate of 8.1 % compared to 1.6 % in the control cohort 
[98]. Exposure to smoke is recognized to be an important risk factor for severe RSV 
infection requiring hospitalization in late-preterm infants from smoking families 
[99]. In addition, outpatient RSV respiratory tract infection is higher, ranging from 
183.3 to 245.7/1000 among late-preterm infants than in full-term infants (128.8 to 
171.3/1000) [97]. There are also reports that infants and children who were born at 
34–36 weeks of gestation, may be at increased risk for developing wheezing and 
asthma compared to those born at term [100, 101]. Persistent asthma and corticoste-
roids usage were found to be associated with late-preterm birth by 18 months of age 
[100]. At near school age, late-preterm-born children also experienced more wheez-
ing and nocturnal cough, and received more inhaled steroids than term-born chil-
dren [102]. A recent study reported that children at 3–5 years of age who were born 
late preterm have increased risks for asthma (18.4 %) and bronchitis (10.2 %) as 
compared to those born at term (asthma, 12.8 %; bronchitis, 8.3 %) [103]. It also 
found that needing oxygen therapy or mechanical ventilation during the neonatal 
period, or RSV infection, was associated with higher rates of asthma and bronchitis. 
There is little information on respiratory complications in adults who were born late 
preterm. A Swedish national cohort study reported no association between late-
preterm birth and using asthma medication in young adults, age 25–35 years [104].

Some studies have assessed pulmonary function by spirometry in children born 
late preterm and found increased incidence of airway obstruction. One of the these 
studies showed that at around 11 years of age, children who were born at 34–36 weeks 
of gestation had a significantly higher increased residual volume and residual vol-
ume/TLC as compared to their siblings who were born at term [105]. In the Avon 
Longitudinal Study, reduced FEV1/FVC and FEV25–75 were found at 8–9 years of 
age in children who were born at 33–34 weeks of gestation compared to term-born 
controls [106]. However, in follow-up studies at 14–17 years of age, measures of 
airway function were similar between late-preterm-born subjects and term-born 
subjects with the exception of FEV25–75, suggesting that there are improvements in 
lung function during this period. Data are lacking in regard to whether late-preterm 
infants have other pulmonary function abnormalities, such as airway hyper respon-
siveness and decreased alveolar–capillary gas diffusion that are frequently observed 
in very preterm infants.
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�Conclusions

Significant progress has been made in the understanding of basic lung developmental 
processes, mechanisms of injury, and repair of the immature lung, as well as in the 
pathogenesis of BPD. In contrast, long-term respiratory outcomes in preterm infant 
survivors, particularly those with a history of BPD, who are now well into their adult-
hood, are less clear. There are still many unanswered questions as to why early injury 
to an immature lung has long-lasting negative impact on its structure and function. It 
is also unknown what the impact of early lung injury on lung function and overall 
health will be as these BPD survivors age to late adulthood. Thus, additional studies 
of these BPD survivors are needed to better understand the mechanisms contributing 
to the prolonged disruption of lung structure and respiratory dysfunction seen in 
these patients. It is also important that long-term follow-up and care by pulmonary 
specialists are provided to enhance the overall lung health of these survivors.
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Diagnostic Modalities: Pulmonary Function 
Testing and Imaging

A. Ioana Cristea, Clement L. Ren, and Stephanie D. Davis

�Introduction

Premature birth is associated with adverse late pulmonary outcomes, most com-
monly manifested as reduced pulmonary function, recurrent wheeze, exercise limi-
tation, and chronic cough [1–3]. The realization that insults to the developing lung 
may have lifelong effects, with respiratory disease burden noted later in life, has led 
to the need to develop sensitive methods of assessing respiratory function and struc-
tural disease during infancy as well as the preschool and school-age years.

�Infant PFT Findings

A variety of infant PFT methods have been applied to the study of lung function in 
premature infants. Different techniques provide complementary information about 
lung function in this group of infants. However, some consistent findings have been 
reported regardless of the infant PFT method. In general, lung compliance is reduced 
in preterm infants, but improves over time, probably as a result of decreased chest 
wall compliance and lung growth and repair as the child ages. Airflow obstruction 
is the most consistent finding. Since development of the conducting airways is com-
pleted at the end of the pseudoglandular stage (16 weeks gestation), this finding 
suggests that premature birth affects future airway growth and development in later 
childhood.
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�Overview of Infant Pulmonary Function Testing

While children aged 5 years or older have been able to reliably perform pulmonary 
function tests via an active exhalation, assessing lung function testing during infancy 
has proven challenging. Despite challenges, which include the need for sedation and 
the lack of cooperation, infant lung function testing has been performed for more 
than 30 years to better understand lung development and disease. Guidelines for 
performing infant pulmonary function testing have been published through the 
American Thoracic Society and/or European Respiratory Society [4–9]. 
Furthermore, normative data have also been collected and reported [10–13].

Sedation typically with chloral hydrate is a requirement for most methods of 
measuring lung function in infants. Chloral hydrate has been shown to have an 
excellent safety record and has been administered to hundreds of infants worldwide 
for the purpose of lung function testing without serious adverse effects [14]. For the 
preterm infant, upper airway obstruction should be closely monitored given the risk 
of laryngomalacia and pharyngeal wall collapse in this population, and astute atten-
tion to oxygen saturation is indicated given the underlying lung disease.

�Dynamic Measurements of Respiratory Mechanics

Dynamic respiratory mechanics can be measured during tidal breathing by placing 
an esophageal manometer. By using esophageal pressure as an estimate of intra-
pleural pressure and measuring pressure and flow at the mouth, airway resistance 
(sRaw) and lung compliance (CL) are calculated. Studies performed in the 1980s 
(when the epidemiology of prematurity and BPD differed from today) showed that 
preterm infants have both increased sRaw and decreased CL [15]. Furosemide ther-
apy decreased resistance and increased compliance, demonstrating that short-term 
diuretic therapy can improve respiratory mechanics in BPD [16]. Although dynamic 
respiratory mechanics are abnormal in preterm infants, they did not differ in infants 
who required supplemental O2 compared to those who did not [17], suggesting that 
hypoxemia may be more dependent upon ventilation inhomogeneity than respira-
tory mechanics.

�Passive Expiratory Mechanics

Resistance and compliance can also be measured during passive exhalation by using 
a facemask with a balloon or shutter to occlude flow at the airway opening at end 
inspiration. This maneuver triggers the Hering-Breuer reflex in infants, leading to a 
passive exhalation. By measuring the pressure plateau generated by the occlusion 
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and expiratory flow and volume, the expiratory time constant, compliance, and 
resistance can be determined. Similar to dynamic measurements, studies of passive 
expiratory mechanics in preterm infants also have shown evidence of increased 
resistance and decreased compliance (Table 1). These measures can improve during 
the first year of life [18], although it remains uncertain whether normal function will 
be achieved in these preterm infants (Fig. 1) [19].

Table 1  Summary of respiratory function test studies in preterm infants and children by age and 
method (Please refer to text for details and citations)

Method Results compared to full-term normal controls

Infants

Dynamic and passive expiratory 
respiratory mechanics

Increased resistance
Decreased compliance [15, 18, 19]

Tidal breathing measurements Tpef/Te decreased [20, 21]
 � Lower Tpef/Te in infants with BPD compared to those 

without BPD [24]
Elevated PA [25, 26]
 � PA not different between infants with and without 

BPD [26]
Forced expiratory flow 
measurements

Decreased VmaxFRC [27, 31–33]
Decreased FEV0.5 and FEF75 [28, 29]

Lung volume measurement FRC decreased or normal in preterm infants [36–39]
Diffusion capacity Decreased DLCO [42, 43]
Ventilation inhomogeneity LCI – not a sensitive index to discriminate disease in 

preterm infants compared to term infants [24, 40]
Preschool age

Interrupter resistance Increased Rint
 � Higher Rint in children with a history of severe BPD 

[49–51]
Forced oscillometry Increased resistance

Decreased low-frequency reactance
Lung function is worse in children with a history of BPD 
[51, 53]

Older children and adults

Spirometry Decreased [2, 51–64]
 � FVC
 � FEV1

 � FEF25–75

Lung volumes Increased RV
Increased RV/TLC [63, 65–68]

Diffusion capacity Decreased DLCO in children and adults [64, 65, 69]

Abbreviations: BPD bronchopulmonary dysplasia, DLCO carbon monoxide lung diffusion capac-
ity, FEV0.5 forced expiratory volume in 0.5 s, FEF75 forced expiratory flow, 75 %, FEV1 forced 
expiratory volume in 1 s, FEF25–75 forced expiratory flow, 25–75 %, FRC functional residual capac-
ity, FVC forced vital capacity, LCI lung clearance index, PA phase angle, Rint interrupter resis-
tance, RV residual volume, Tpef/Te time to peak expiratory flow over total expiratory time, TLC 
total lung capacity, VmaxFRC the maximal flow at functional residual capacity
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�Tidal Breathing Measurements

Tidal breathing analysis can be performed using a mask with pneumotachome-
ter or using respiratory inductance plethysmography (RIP). With the former 
method, the primary measure of interest has been the ratio of the time to peak 
expiratory flow over total expiratory time (Tpef/Te). Tpef/Te has been shown to 
be decreased in obstructive lung disease [20, 21]. In term infants, a low Tpef/Te 
is predictive of wheezing in the first year of life [22] and asthma at 10 years 
[23]. Preterm infants demonstrate lower Tpef/Te, and infants with BPD have 
lower Tpef/Te compared to those without BPD [24]. However, measurement of 
Tpef/Te does not add to the ability to predict respiratory disease in the first year 
of life [24].

RIP can be used to measure the asynchrony between thoracic and abdominal 
motion during tidal breathing. Healthy infants demonstrate remarkable synchrony, 
but in the setting of airway obstruction or decreased lung compliance, thoracoab-
dominal asynchrony increases. The phase angle (PA) is a quantitative measure of 
thoracoabdominal asynchrony that ranges from 0 (no asynchrony at all) to 180° 
(paradoxical breathing). Preterm infants have an elevated PA [25, 26], and PA cor-
relates with measures of lung elastance and compliance [25]. However, PA does not 
differ between infants with and without BPD [26].

�Forced Expiratory Flows

Early studies of forced expiratory flows (FEF) in preterm infants utilized the rapid 
thoracoabdominal compression (RTC) technique, where expiratory flow is gener-
ated by rapidly inflating a vest around the chest and abdomen at end inspiration of 
the tidal breath, and the maximal flow at functional residual capacity (VmaxFRC) is 

Fig. 1  Plethysmography 
maneuver being performed 
during infant pulmonary 
function testing
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measured. Studies have shown that VmaxFRC is consistently lower in preterm 
infants compared to healthy term infants (Table 1). In one small study of children 
with moderate to severe BPD, VmaxFRC at 24 months correlated with FEV1 and 
FEF25–75 in school-age years, indicating a lack of “catch-up” growth [27].

A major disadvantage of the RTC technique is that FRC is unstable in infants, 
leading to variability in VmaxFRC. With the raised volume RTC (RVRTC) tech-
nique, the infant’s lungs are inflated to 30 cm H2O, which is near total lung capacity. 
This allows generation of flows across a larger lung volume, replicating adult-type 
spirometry. Over time, the RVRTC technique has supplanted the RTC or partial 
flow-volume method, and most recent studies of preterm infants have employed this 
method. As with VmaxFRC, RVRTC measures such as the forced expiratory vol-
ume in 0.5 s (FEV0.5) and FEF at 75 % FVC (FEF75) are also reduced in preterm 
infants. Using the RVRTC technique, the degree of obstruction has been reported to 
be more severe in BPD compared to non-BPD infants; [28] however, in contrast, 
others have reported that BPD is not associated with decreased forced expiratory 
flows [29]. Furthermore, infants with better somatic growth during the first 1–2 years 
of life were reported to have higher forced expiratory flows compared to those with 
poorer growth [30].

Airway function may even deteriorate during the first year of life in infants 
with BPD [31, 32], probably reflecting the coupled effects of an unresolved lung 
injury plus the developmental interferences related to prematurity itself, at a time 
when the infant’s respiratory system is growing rapidly [33]. Similar airway func-
tion abnormalities have also been reported in preterm infants without BPD, under-
scoring the important influence of prematurity on developmental changes in the 
lung [34, 35].

�Lung Volume Measurements

Similar to adult PFTs, infant lung volumes can be measured using gas dilution tech-
niques or body plethysmography. The former can be done using gas washout tech-
niques with either an inert tracer gas such as helium (He) or sulfur hexafluoride 
(SF6) or washing out the resident nitrogen (N2) in the lungs. With body plethysmog-
raphy, the infant tidal breathes against a closed valve or balloon, generating the 
pressure swings needed to apply Boyle’s law. FRC is normal or even low in infants 
with BPD compared to healthy full-term controls during early infancy (36–42 weeks 
postmenstrual age), probably as a result of decreased lung compliance in the setting 
of a compliant chest wall [36]. However, over time, as lung repair occurs and the 
chest wall becomes stiffer, FRC tends to increase, consistent with an obstructive 
pattern [18]. Some studies did not detect any significant differences in FRC when 
comparing “healthy” term and preterm infants [37], or when relating results from 
healthy preterm infants to published reference equations for FRCHe [38]. In con-
trast, Hjalmarson and Sandberg reported significantly reduced FRCN2 in healthy 
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preterm infants compared to term neonates (data only normalized for weight at test) 
[39]. In summary, in young preterm infants, FRC has been reported to be low or 
normal; these differences can be attributed to variations in methods and subject 
characteristics between these studies.

�Measurements of Ventilation Homogeneity

The multiple breath washout technique assesses ventilation homogeneity. The lung 
clearance index (LCI) represents the number of tidal breaths needed to completely 
wash out either the resident N2 gas or a tracer gas to 1/40th of its original concentra-
tion. In the preterm population, LCI is not a sensitive index to discriminate disease 
in preterm infants compared to term infants [24, 40], as opposed to other obstructive 
lung diseases, such as cystic fibrosis.

�Diffusion Capacity

The diffusion capacity of the lung to carbon monoxide (DLCO) can be measured in 
infants; however, the methodology is technically challenging, not commercially 
available, and requires analysis of C18O with a mass spectrometer, which makes the 
measurements expensive. The two components of DLCO, the pulmonary membrane-
diffusing capacity (DM) and the pulmonary capillary blood volume (VC), can be 
determined by measuring DLCO under conditions of room air and high inspired 
oxygen [41]. Infants with BPD demonstrate decreased DLCO but normal alveolar 
volume (VA) when compared to full-term controls, adjusting for race, gender, body 
length, and corrected age [42]. In addition, both DM and VC are lower in infants 
with BPD compared with infants born at term [43]. These in vivo physiological 
findings are consistent with pathological autopsy reports with impaired alveolar 
development with larger, but fewer alveoli and decreased pulmonary capillary den-
sity [44–47]. In contrast with infants with BPD, infants born prematurely without 
BPD had higher DLCO than full-term subjects, after adjusting for body length, 
gender, and race, suggesting that prematurity per se does not impair lung parenchy-
mal development [48].

�Lung Function in Preschool Aged Preterm Children

Recommendations for conducting preschool lung function testing have been 
endorsed by the American Thoracic Society and European Respiratory Society [49]. 
Obtaining PFT data from the preschool population (i.e., ages 3–5 years) presents a 
special challenge. They are too old for the RVRTC technique, but performing the 
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voluntary breathing maneuvers needed for spirometry, body plethysmography, or 
DLCO requires cooperation, which proves challenging in this age group. There are 
some preschool PFT methods that require less cooperation (tidal breathing tech-
niques) than spirometry that have been used to study lung function in preschool 
preterm children.

With the interrupter technique, children breathe through a mouthpiece or mask, 
and passive expiratory flow is briefly occluded with a balloon or shutter for 100 ms. 
By measuring flow just prior to the occlusion (V′) and the resultant pressure plateau 
(Pplat), the interrupter resistance (Rint) can be calculated using the equation 
Rint = Pplat/V′. Rint reflects airway resistance, although it is not a direct measure. 
Rint is elevated in preterm children compared to full-term ones, and children with a 
history of severe BPD have higher Rint than other preterm children [49–51].

Another PFT technique that has been used in studies of preschool children is 
forced oscillometry (FO), which measures the total respiratory system impedance 
(Zrs) across a spectrum of oscillation frequencies [52]. Zrs is composed of resis-
tance (R) and reactance (X). At lower frequencies, the latter reflects the viscoelastic 
forces of the lung. Several studies using FO have shown that preschool preterm 
children have elevated R and decreased low-frequency X, therefore demonstrating 
that lung function is worse in children with a history of BPD [51, 53].

�Lung Function in Older Children and Adults Born 
Prematurely

Many studies of lung function have been conducted in older children and adults 
born prematurely. Most of the information on long-term lung function in survivors 
of BPD has been derived from preterm infants born before surfactant treatment was 
available, or studies are limited to selected populations of children who had severe 
pulmonary disease as neonates. Study results often reflect the outcome for children 
with “old” BPD and may not reflect physiological findings in children who received 
modern neonatal care or who have “new” BPD [54].

�Spirometry Results

Spirometric values reflecting airflow are consistently lower in survivors of BPD at 
any age compared to controls born at term; those with BPD have substantial airway 
obstruction and alveolar hyperinflation [2, 55–58]. In most studies [2, 57, 59, 60], 
the mean forced expiratory volume in 1 s (FEV1) values in those with BPD range 
from normal to values indicative of significant airflow limitation, reflecting the het-
erogeneity in the functional expression of the disease. These data should be inter-
preted with caution, however, since they are not generally applicable to the whole 
population of survivors, and especially not to those with new BPD or mild neonatal 
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pulmonary disease. Patients who were born prematurely but did not have BPD usu-
ally fare better [61], but they too may have airflow limitation at school age [2, 58, 
59, 62] and into adolescence and adulthood [3, 63, 64].

�Lung Volume Measurements

Air trapping has been reported in premature children with BPD [65–67] secondary 
to obstructive airway disease, impaired alveolarization, and/or abnormal lung 
growth or injury. In contrast, normal FRC has also been reported in former preterm 
adolescents with BPD [63]. The presence of residual lung function abnormalities, 
mainly airflow obstruction and progressive static hyperinflation, raise the question 
as to whether chronic lung disease of infancy may ultimately affect pulmonary 
aging, leading to the development of chronic obstructive pulmonary disease 
(COPD) [68].

�Diffusion Capacity

DLCO in school-age children born prematurely has been noted to be impaired in 
several studies [64, 65]. The decrease of DLCO/Va may reflect a deficit in the alveo-
lar number leading to increased airspace and a reduction in the gas exchange-surface 
area [69]. Due to the challenges to performing DLCO during infancy, there are no 
longitudinal studies tracking DLCO from infancy into childhood and adulthood.

�Evolution of Lung Function Over Time in Preterm Children 
and Adults

The degree of airflow limitation in the first years of life also predicts later pulmo-
nary function. In a small group of infants with severe BPD who were followed from 
birth, VmaxFRC at 2 years of age was closely related to FEV1 at 8 years, suggesting 
tracking of lung function with time and negligible “catch-up” growth of the lung 
[27]. This finding highlights an irreversible early airway-remodeling process.

There are limited longitudinal outcome data in preterm children born in the post-
surfactant era. Most studies demonstrate that lung function deficits persist into 
adulthood and do not worsen over time. This finding has been reported even in those 
with severe BPD requiring home ventilation [70]. Two small studies reported some 
improvement in airway obstruction [71] or lung hyperinflation [72] in adolescents 
with BPD. According to a meta-analysis and follow-up study, the adverse effects of 
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prematurity on pulmonary function were still detectable in school-aged children 
prematurely born in comparison to sex-matched controls born at term [73]. On the 
other hand, Doyle et al. [63] reported that survivors of BPD may have a substantial 
decline in pulmonary function over time, on the basis of data from a large cohort 
with a birth weight of < 1500 g who were followed from 8 to 18 years of age [63]. 
Overall, most studies suggest that airway growth in preterm infants is maintained 
with somatic growth, but does not “catch up.”

�Summary

In summary, prematurity has a profound impact on lung development and growth, 
thereby leading to lung function deficits. Early in life, respiratory compliance is 
low. For some infants born prematurely, especially those with BPD, substantial air-
way obstruction persists into adolescence and young adulthood. This pulmonary 
derangement remains latent in many, but a reduced respiratory reserve could 
increase the risk of a COPD-like phenotype later in life. Studies suggest that airway 
growth in preterm infants is maintained with somatic growth, but does not “catch 
up.”

�Imaging Studies

Structural defects have been noted in infants and children born preterm; these struc-
tural defects have been assessed using a number of modalities including chest radio-
graphs, chest computed tomography (CT), ultrashort echo time magnetic resonance 
imaging (UTE MRI), and hyperpolarized gas MRI.

�Chest Radiograph

The chest radiograph (CXR) is the simplest and most widely available method for 
imaging preterm children. The original case description of BPD included CXR 
abnormalities such as linear fibrotic opacities and hyperexpanded regions of lung 
parenchyma [74], thereby leading to the bronchopulmonary dysplasia terminology 
describing radiological changes [74]. Several scoring systems were subsequently 
developed [75]. These severe changes on CXR are rarely seen in today’s “new” 
BPD, and in general, CXRs in contemporary preterm cohorts demonstrate minimal 
abnormalities. The modern clinical diagnosis of BPD does not incorporate a radio-
logical component and instead focuses on the clinically assessed need for 
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supplemental oxygen. Although chest radiographs have the advantages of accessi-
bility and simplicity, the modality is considered only marginally useful for diagno-
sis. While chest films may only provide limited information to guide care, this 
modality is performed routinely to assess progression of disease.

�Chest Computed Tomography

Chest computed tomography (CT) provides more detailed imaging of the lung 
parenchyma and airways compared to CXR.  CT images can be obtained during 
quiet breathing or at full inspiration. Expiratory images are useful when identifying 
air trapping. This includes the interpretation of mixed attenuation, where either the 
area of high attenuation can represent a parenchymal abnormality or a low attenua-
tion can be due to air trapping. There are often indications of air trapping on inspira-
tory images, but expiratory images may identify air trapping not seen on inspiratory 
images in the same patient. Young or uncooperative children may need to be sedated 
due to the difficulty with interpreting images due to motion artifact, which can fur-
ther be decreased using a controlled ventilation technique [76, 77].

Chest CT is considered the most sensitive imaging modality to detect structural 
abnormalities in patients with BPD [78]. Chest CT may provide insight into BPD 
pathophysiology; the early neonatal course may be predictive of later impairment 
noted on imaging [79]. Several CT protocols and scoring methods have been 
described over the last 30 years to characterize and quantify the structural abnor-
malities of preterm patients with BPD. Most of them assessed the clinical severity 
of BPD (mild, moderate, severe) and reported an increase in CT abnormalities 
within those with more severe BPD [79–85]. CT findings of BPD patients have been 
compared with control patients, which were either healthy term-born [81] or pre-
term without BPD [79, 86, 87]. These studies report higher or worse CT scores in 
those with BPD. In CTs of survivors of old BPD, persistent radiological abnormali-
ties have been reported in a majority of patients [88]. Respiratory mechanical mea-
surements and functional residual capacity during infancy have been reported to be 
associated with structural disease on chest CT; [85, 89] however, diffusing capacity 
and forced expiratory flows were reported to not correlate with the structural disease 
[81]. Furthermore, chest CT has been reported to be more sensitive to identifying 
disease during infancy in those with chronic lung disease of infancy compared to 
diffusing capacity and forced flows [81]. Wong et  al. [90] described a definitive 
appearance of emphysema in a group of young adults with a history of moderate to 
severe old BPD, and the extent of emphysema on CT was inversely related to their 
FEV1 z-scores. Aukland et al. [79] studied two cohorts of BPD survivors, one from 
1982–1985 and the other from 1991–1992, using inspiratory and expiratory high-
resolution CT images. Participants were evaluated at a mean age of 10 and 18 years. 
Abnormalities were reported on chest CT scans in 86 % of the participants; the 
majority of the findings were linear/triangular opacities. Although the CT scores 
were higher or worse in the older cohort, the difference between the two groups was 
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not statistically significant. A higher or worse HRCT score was associated with 
worse lung function as assessed through spirometric variables as well as the ratio of 
residual volume (RV) and total lung capacity (TLC). It is important to note that, to 
date, there are no validated and universally accepted CT scoring systems for quan-
tifying structural changes [91]. Given the wide variations in the visual appearance 
of lung parenchyma observed in this population, the potential for imaging-based 
phenotyping is a possibility. These quantitative imaging biomarkers could be fur-
ther refined to phenotype BPD and inform clinical care (Fig. 2) [92].

�Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) allows imaging to be performed without expo-
sure to ionizing radiation. This is particularly important for imaging children who 
are more vulnerable to damage from radiation exposure and is appealing in those 
with chronic illness where longitudinal monitoring is desirable.

Traditional proton (1H) MRI of the lung has been challenging due to low paren-
chymal tissue density [93, 94], rapid signal decay [95, 96], and artifact from respira-
tory and cardiac motion [97]. However, there have been studies using proton MRI that 
have reported increased amount of water content in the lung tissue in infants with 
BPD compared to term infants [98, 99]. During fetal life, fluid is secreted into the 
lungs, whereas at term, secretions stop and reabsorption occurs rapidly during the lat-
ter part of labor; [100] this process is immature in the preterm, leading to higher 
residual lung fluid content [101]. More recently, investigators using a unique, spe-
cially designed small footprint MRI scanner with conventional MRI sequences have 
shown fibrosis, edema, and atelectasis in a small cohort of (N  =  6) infants with 
BPD. Signal density was decreased in infants with severe BPD, which is suggestive of 
decreased alveolarization [102]. Another recent advance in MRI chest imaging has 

Fig. 2  Comparing magnetic resonance imaging (MRI) (left) and computed tomography (CT) 
(right) in a neonatal intensive care unit patient diagnosed with bronchopulmonary dysplasia (BPD) 
(Courtesy of Dr. Jason C. Woods, Center for Pulmonary Imaging Research, Cincinnati Children’s 
Hospital Medical Center)
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been the introduction of ultrashort echo time (UTE) sequences, which minimize the 
signal decay caused by a short transverse relaxation time in the lung, resulting in 
image quality that approaches that of chest CT (Fig. 2). UTE MRI has not been used 
to study preterm lung disease, but it has been successfully applied to the study of other 
lung diseases, such as chronic obstructive pulmonary disease and cystic fibrosis.

Hyperpolarized noble gases (e.g., 3He and 129Xe) have a strong MR signal, and 
can be used as a tracer gas to study ventilation in the lung. Furthermore, the appar-
ent diffusion constant (ADC) of the gas can be used as a noninvasive method to 
estimate alveolar number, as the walls of alveoli, bronchioles, alveolar ducts, sacs, 
and other branches of the airway tree serve as obstacles to the path of diffusing 3He 
atoms and reduce 3He displacement. Altes and colleagues [103] performed 3He 
MRI in BPD survivors (mean age 9.7 years old) and reported that BPD survivors 
had more heterogeneous ADC maps than age-matched controls. In addition to focal 
areas of increased ADC, children with BPD had higher mean ADC values than con-
trols, which is consistent with histological evidence of arrested lung development 
resulting in simplified alveoli. In another study, Narayanan and colleagues [104] 
reported that BPD survivors (age range of 10–14 years old) had similar alveolar size 
and numbers compared with full-term peers as determined with 3He ADC measure-
ments, suggesting catch-up alveolarization in premature infants as they age, 
although this was limited to children who had mild to moderate BPD. This study 
highlights the ability of hyperpolarized gas ADC measurements to quantify lung 
microstructure and pediatric lung development.

�Conclusions

Although chest radiograph will continue to be the first line of clinical radiological 
inquiry, especially for acute morbidity, the future of BPD imaging lies in nonionizing 
modalities, semiautomated, and fully automated quantitative techniques that allow 
for objective, longitudinal assessment, and the translation of these methods to predict 
outcomes and personalize patient care. Newer, low-dose CT protocols continue to 
lessen radiation burden, but for BPD survivors with chronic lung disease, balancing 
the benefits of longitudinal assessment with the risks of serial radiation exposure 
must be considered. Many of the major technological hurdles that historically lim-
ited the clinical utility of pulmonary MRI are resolving, and furthermore, these tech-
nologies are being extended to the youngest, most challenging patients to image.
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Longer Term Sequelae of Prematurity: 
The Adolescent and Young Adult

Andrew Bush and Charlotte E. Bolton

�Introduction

Preterm birth is an important public health problem, accounting for around 8 % of 
all deliveries [1], and the prevalence may be increasing (below). Worldwide, it is 
estimated that 15 million babies a year are born preterm [2], with more than one 
million babies dying as a consequence of prematurity. There are various different 
definitions of bronchopulmonary dysplasia (BPD, also used interchangeably with 
chronic lung disease of prematurity) which are current [3], for example, oxygen 
dependency at 36 weeks postconceptional age or 28 days after birth (which are not 
interchangeable), and the definition probably needs revisiting in the modern era. 
When comparing studies, it is important to be clear how BPD is defined. Allowing 
for this, estimates of BPD prevalence are 25 % if birth weight is less than 1.5 kg, and 
68 % if gestational age is less than 26 weeks [4, 5].
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Adult respiratory physicians will encounter preterm survivors in one of three 
contexts:

	1.	 A known preterm survivor who has been followed up through childhood. This 
will usually mean that there have been substantial neurodevelopmental or other 
comorbidities which have driven follow-up, or really significant respiratory 
issues; those with subclinical respiratory issues will usually have been lost to 
follow-up in early childhood.

	2.	 De novo presentation with, usually, airway disease in an adult who has not 
connected their present problems with previous preterm birth. We and others 
have shown that, unfortunately, adult physicians rarely even attempt to try to take 
a neonatal history [6, 7]. As we will show, this puts the patient at risk of wrong 
treatment (below).

	3.	 Detection of abnormal spirometry in an asymptomatic adult as a result of pre-
employment or other screening check; again, the adult patient and physician may 
have failed to appreciate the significance of their early life events.

The baby born preterm may have long-term sequelae for a number of interlocking 
reasons:

•	 The effects of prematurity itself.
•	 The effects of treatment of prematurity (especially supplemental oxygen, 

barotrauma, and systemic corticosteroids, but also delivery by caesarian section, 
which has long-term effects on the microbiome [8]). It should be noted that 
treatment of premature babies is a fast-moving area (below), and modern 
ventilatory strategies, for example, may lead to very different sequelae compared 
to older, now discontinued practices.

•	 The effects of the underlying cause of premature delivery (e.g., maternal smoking 
or hypertension [9, 10])

•	 The effects of low birth weight independent of prematurity (including small vs. 
appropriate for gestational age, SGA and AGA, respectively); these effects may 
be direct or indirect, via increase in susceptibility to respiratory infections which 
impacts adult lung function [11], a risk factor for later asthma [12].

•	 Genetic effects: a recent study, which will not be discussed further identified 
258 genes associated with BPD [13].

•	 Conceivably, the effect of programming by events at a critical time period; there 
is some evidence for this in animal studies in particular (below).

•	 The indirect effect of premature delivery on the baby, operating through the 
mother. There is an extensive literature on the effects of maternal stress on fetal 
outcomes [14–16]; whether and to what extent this is operative in children born 
prematurely is unknown.

The sequelae of prematurity are thus both heterogeneous (multiple components, 
which are not all present in the same subject) and complex (components are not 
linearly related). The effects of all the above are impossible to untangle in a given 
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individual; so, the reader is cautioned against attributing any particular long-term 
disease to prematurity per se. Furthermore, comparisons between populations and 
manuscripts mandate extreme caution. Much of the most striking temporal change 
is in approaches to treatment [17]. Neonatal ventilation has evolved from slow 
rate, high pressures (leading to the so-called “old BPD,” predominantly but not 
exclusively an airway disease) to fast rate with low airway pressures and tidal 
volumes; antenatal steroids, and in particular the therapeutic use of surfactants, 
have also been transformative. Continuous positive airway pressure (CPAP) is 
being used increasingly to avoid intubation. These survivors have “new BPD” 
characterized more by impaired alveolar development. Neonatal resuscitation has 
also recently changed from a very aggressive approach of intubation and ensuring 
high oxygen saturation very rapidly, to allowing a much slower rise in oxygenation, 
which may further impact outcomes [18]. These changes in neonatal practice 
mean there is a time component to studies – it cannot be assumed that today’s 
survivors will have the same respiratory issues when they reach their 20s as do 
today’s adults, nor that the pioneering papers which first delineated long-term 
sequelae are relevant to today’s survivors.

Nonetheless, preterm birth delineates a group at risk for respiratory disease in 
adolescence and adult life. Such consequences include increased respiratory 
morbidity; airflow obstruction (distal and large airway); parenchymal disease; 
impaired exercise performance; abnormal control of breathing; and pulmonary 
circulatory disease, all of which will be considered in this chapter, which updates 
recent reviews and meta-analyses [2, 19–22].

It is also important to be clear at what level prematurity is of clinical significance. 
There is ample evidence that even very late premature delivery has important long-
term consequences. The Avon Longitudinal Study of Parents and Children 
(ALSPAC) showed that at age 8–9 years, reduction in spirometry in the 33–34 week 
gestation babies was the same as the 25–32  week gestation babies; and at 
14–17 years, first second forced expired volume (FEV1), forced expiratory flows 
between 25 and 75 % of vital capacity (FEF25–75), and the ratio of FEV1 and forced 
vital capacity (FVC) were all still reduced [23]. Studies relating asthma prevalence 
(usually defined rather simplistically as reimbursement for asthma medication or 
doctor-diagnosed asthma) to gestational age at delivery have shown an increased 
risk even in those born at 37–38 weeks’ gestation [24–26]. The conclusion from 
these and other studies is that even those born just short of term, who require no 
neonatal intervention, are at risk for respiratory sequelae. Worryingly, preterm birth 
may be increasing [27], despite the improvements made by increasingly stringent 
tobacco legislation [28]. The consequences of this conclusion are (a) that despite the 
fact that we are doing better, and decrements in spirometry in BPD are less now than 
before [29], we will not abolish the long-term consequences of prematurity, no 
matter how treatment improves (and indeed prevalence may be increasing [2]; and 
(b) there is a larger population at risk than might be thought. The respiratory 
consequences of late premature birth have recently been reviewed [30].

Sequelae of Prematurity
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�The Big Picture: 2012 and 2015 Meta-analyses

Although there have been more reports since the publication of these meta-analyses 
[2, 19], the general conclusions remain the same. The 2012 report [19] found 14 
studies (only eight being of high quality); all BPD survivors had more symptoms 
and impairment of lung function than their peers; five radiological studies reported 
persistent radiological changes; and three small studies suggested exercise 
impairment. The meta-analysis was updated in 2015 [2]. The conclusions of both 
meta-analyses have remained broadly unchallenged over time. Newer manuscripts 
and additional details from some older ones are discussed below.

�Respiratory Symptoms and Morbidity

A number of studies report increased symptoms, in particular cough and wheeze, 
and respiratory morbidity in adult life. In the longest follow-up cohort in the mod-
ern era, BPD survivors’ mean SD 24.1± 4  years, mean gestational age 27.1 + 
2.1 weeks, birth weight 955 + 256 gm were twice as likely to report symptoms and 
three times as likely to use asthma medications compared with the term controls, 
and also had impaired quality of life and obstructive spirometry [31]. These patients 
were largely not treated with surfactant neonatally and did not have the benefits of 
antenatal steroids. Another study reported equivalent quality of life, but increased 
utilization of healthcare resources, in preterm survivors compared with controls; a 
diagnosis of asthma and pneumonia was more likely in the BPD group [32]. Overall, 
reports suggest that health-related quality of life is good in preterm survivors [33]. 
The use of asthma medications, confirming the findings of others [34], is particu-
larly concerning, given the likely nature of the airway disease (below); the type of 
prescription short-acting β-2 agonists, which might be justified versus inhaled cor-
ticosteroids (which probably are not), was not discussed. Other studies have also 
reported increased respiratory symptoms [35, 36] and the purchase of asthma medi-
cations, in even early-term survivors, although prevalence usually declined with 
age [24–26]. There is an increased risk of hospitalization for respiratory disease in 
early adult life (age 18–27 years); the odds ratios for low birth weight (LBW, here 
defined as 1.5–2.5kg) were 1.34 (1.17–1.53), and for very low birth weight (VLBW, 
<1.5 kg) 1.83 (1.28–2.62) compared with term controls [37]. Worryingly, a Swedish 
study showed a strong inverse association between gestational age at birth and mor-
tality in early (1–5 years) childhood, which disappeared until young adult life when 
it reappeared, even in those born 34–36 weeks (late preterm). Deaths were due to 
congenital anomalies and respiratory, endocrine, and cardiovascular disorders. The 
adjusted hazard ratio for adult mortality from respiratory disease was 0.85 (0.76–
0.94 95  % CI) [38]. To summarize, there is a substantial burden of respiratory 
symptoms, morbidity, airway disease, and even early death, even in those with rela-
tively modest degrees of prematurity and decrements in birth weight.
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�Airway Disease After Premature Delivery

Airway disease is typically most severe in “old” BPD. The assessment of airway 
disease in adult preterm survivors is best performed using the recently proposed 
framework, focusing on treatable clinical traits [39], and expected benefit of 
treatments, using the three domains of pulmonary, extrapulmonary, and behavioral 
and lifestyle issues. These are summarized in Table 1.

Normal Airway Development  This topic is reviewed in detail in chapter 
“Structural and Functional Changes in the Preterm Lung” of this book and elsewhere 
[40, 41]. For normal lifelong lung health, airway caliber must be normal at birth; 
spirometry improves to a plateau at age 20–25 years, and thereafter declines with 
age. These changes are best described by Global Lung Initiative (GLI) equations 
[42]. The threshold for respiratory disability will be crossed prematurely if there is 

Table 1  Deconstructing the respiratory sequelae of prematurity in adult life. Treatable traits are 
underlined

Clinical traits Treatment
Expected benefits of 
treatment

Pulmonary −− �Fixed airflow 
obstruction

−− �Variable airflow 
obstruction

−− Airway inflammation
−− Alveolar hypoplasia
−− �Focal parenchymal 

defects
−− �Reduced exercise 

performance

–– �Pulmonary 
hypertension

–– �Sleep-disordered 
breathing

–– �Abnormal control of 
breathing

Bronchodilators
Stop inappropriate ICS

Exercise prescription or 
pulmonary rehabilitation

Ensure normoxia

CPAP if needed (rare)
Ensure normoxia

Better lung function
Reduce side effects

Well-being improved
Prevent progression

Improved symptoms
Prevent progression

Extrapulmonary 
(comorbidities)

–– Neurological
–– reflux and aspiration
–– Abnormal swallow
–– Retinopathy
–– Bone disease
–– Renal disease

Rehabilitation services
Reflux medication
Thicken liquids or PEG

Better QoL
Airway-protected
Prevent pneumonia

Lifestyle –– Smoking
–– Pollution
–– �Susceptibility to 

infection

Smoking cessation
Avoidance
Immunizations

Preservation of lung 
function (all traits)

Abbreviations: CPAP continuous positive airway pressure, ICS inhaled corticosteroids, PEG 
percutaneous endoscopic gastrostomy, QoL quality of life
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impairment at birth, suboptimal growth in childhood, or accelerated decline in adult 
life. The developmental track of airway disease of prematurity is not clear. There are 
no large prospective cohort studies of preterm survivors extending from birth into 
middle age. Although a series of overlapping large birth cohort studies (term babies) 
have shown that spirometry tracks from the preschool years into the sixth decade 
[43–45], with no evidence of catch-up growth, this may not be the case in preterm 
airways disease [46, 47]. Indeed, in one cohort, there was evidence of airflow 
obstruction at age 7–9 years, which was no longer present at age 20–22 years [36]. 
However, these were relatively large babies by modern standards, and these data are 
not totally reassuring.

Pulmonary  As with any airway disease, deconstructing the components allows 
logical treatment; this is to be preferred to asking meaningless questions like “do 
BPD survivors have asthma?” – which is only interpretable if all concerned have 
a common definition of asthma. Survivors of prematurity generally have fixed 
and variable airflow obstruction, the latter of which is responsive to short-acting 
β-2 agonists [31, 46, 48, 49]. The severity of airflow obstruction varies between 
studies, with some, but by no means all, reporting significant airflow obstruction 
in adult BPD survivors [50]. The differences between studies likely reflect that 
different types of populations were studied. Generally, a greater extent and 
duration of neonatal intensive care predicts worse lung function long term, 
although there is considerable overlap between groups, and the relationship is not 
close. Although acute bronchodilator response to short-acting β-agonists, more 
peak flow variability and bronchial responsiveness to methacholine have all been 
reported, the pathophysiology of the variable airflow is unclear; despite fixed and 
variable airflow obstruction, the evidence is that these patients do not have airway 
inflammation; the underlying cause may be airway wall thickening and increased 
airway smooth muscle [51]. Alternatively, genetic factors predisposing to airway 
hyperresponsiveness may also contribute with other insults to the development of 
BPD. What is clear is that there is little evidence for ongoing airway inflammation 
in adult preterm survivors. Hence neither exhaled breath temperature nor exhaled 
nitric oxide (both indirect surrogates for airway inflammation) are elevated [52, 
53], implying in this largely inhaled steroid naïve population that there is no 
eosinophilic, Type 2 inflammation. The logical corollary is that, unless there is a 
superposed component of atopic airways disease, inhaled corticosteroids should 
not be prescribed; and indeed, there was no benefit in one admittedly small trial 
[54]. One study using exhaled breath condensate showed increased oxidative 
stress(elevated exhaled breath condensate 8-isoprostane) in adolescent survivors, 
which, although the clinical significance is unclear, given there was no correlation 
with symptoms or spirometry [55]. A metabolomics approach also showed 
differences between BPD survivors and normals, also suggesting there may be 
ongoing airway abnormalities [56]. There are no studies on the airway microbiome 
or the cough reflex, and mucus hypersecretion is not generally a component of 
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this airway disease. Finally, proximal airway disease should be considered, 
including tracheobronchomalacia, subglottic stenosis, and left vocal cord palsy 
secondary to surgery for patent arterial duct; this last is considered in more detail 
below.

Among the determinants of adult life lung function is birth weight [57]. In the 
wider population, low birth weight and low weight gain in the first 3 years of life 
were correlated with reductions in adulthood FEV1, lung volumes and transfer 
factor (DLCO), but not the presence of airflow obstruction [58]. Other studies 
have suggested an inverse relationship between weight gain in the first year of 
life and accrual of lung function [59–61]. Excessive weight gain after age 5 years 
may by contrast have later adverse effects [61]. However, there may be an 
increased risk of developing asthma if early weight gain is excessive [62]. In one 
cohort, birth weight in the SGA, but not AGA babies was an important determinant 
of spirometry age 20–22  years [36].This is important, because frequently this 
information is not reported. The study also did not demonstrate a greater 
prevalence of bronchial hyper-responsiveness to methacholine in adult survivors, 
which was reassuring; however this was not confirmed in a more recent study of 
a more severely affected population [63]. Another group [64] reported airflow 
obstruction in VLBW survivors (here defined as birth weight <1.5 kg) irrespective 
of any neonatal complications, worse those with BPD. There was an adverse an 
effect of maternal smoking in pregnancy, most marked in BPD survivors, but no 
effect of growth patterns at any developmental stage. In the longest follow up 
population based cohort [65] the effects of birth weight gradually declined with 
age, likely because environmental factors became increasingly important 
determinants.

It has been suggested that the survivors of premature birth will represent a new 
cohort of COPD patients. There are only very limited data on the very long-term 
outcome of BPD. Such data as exist do not suggest an accelerated rate of decline 
[63], at least in the early 20s, although factors such as the presence of bronchial 
hyper-responsiveness suggest this is a high-risk population for accelerated decline. 
A cohort of more than 6000 adults born between 1925 and 1949, reported in 2013, 
showed that women but not men born before 32 weeks gestation had a hazard ratio 
for any obstructive airway disease of 2.77 (95 % CI 1.39–1.54), with both low birth 
weight and prematurity being significant risk factors [66]. In a healthy population, 
lower birth weight was associated with a more rapid decline in FEV1/FVC ratio, but 
not in FEV1 or FVC; no gender effect was reported [67]. Whether bronchial hyper-
responsiveness has the same adverse association with the attainment of poorer 
spirometry and greater decline in lung function in BPD survivors as in the general 
population is unclear [68–70]. Indeed, the basis of the hyper-responsiveness may 
well be different in the two groups (above). Low birth weight was associated with 
an increased risk of death from COPD [71]. The data would support the hypothesis 
that survivors are at risk from premature airflow obstruction, both by virtue of 
failing to reach the expected lung function plateau and also from having an 
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accelerated rate of decline. In a population-based study, 26  % of those with an 
abnormal FEV1 at age 40 years went on to develop premature airflow obstruction 
[72]; whether this also applies to preterm survivors is not known, but the data do 
suggest a high risk in those born preterm if they fail to attain a normal lung function 
plateau. However, as with airways disease in childhood (above), it is important to 
deconstruct airways disease in the elderly; it should not be assumed that these 
patients have the same airway problems as lifelong smokers, nor should it be 
assumed that management is the same [73]. This is a fruitful area for future research, 
but until adult physicians are in the habit of taking a history of early life events [6, 
7], research will likely be stalled.

Extrapulmonary  The range and treatment of comorbidities is beyond the scope of 
this chapter. There may be direct impact on the lung, for example, neurodevelopmental 
handicap leading to incoordinated swallow and aspiration, and impaired cough; and 
other organ manifestations, including visual impairment from retinopathy of 
prematurity, and renal and bone disease. Neurodevelopmental handicap may impact 
on the ability to use inhalers, and special attention needs to be paid to technique if 
these are prescribed. In one study, twice as many BPD patients reported difficulty 
with mobility and self-care compared with controls [31], although this did not reach 
statistical significance. Another group [32] reported that attention-deficit 
hyperactivity disorder (ADHD) was commoner in preterm survivors; however, 
another group suggested this was only the case for SGA survivors [74]. Cerebral 
palsy was commoner in adult BPD survivors, and they were less likely to access 
higher education or be in full-time employment; whether this relates to BPD itself, 
or associated low socioeconomic status, could not be determined. BPD survivors 
were more likely to use antipsychotic, sedative, and anxiolytic medication, although 
this is not a uniform finding [75]. Although it is difficult to unpick the pathways 
leading to these comorbidities, nevertheless, these data underscore that this is a 
needy group of young adults. Some of these young adults need access to holistic 
care; unfortunately, in most parts of even the developed world, this is not forthcoming, 
and transition from pediatric care, where there is a strong network of school and 
community-based services, is a nonevent because of total lack of services to which 
to transition.

Behavioral and Lifestyle Issues  Maternal smoking is an important risk factor for 
prematurity, and anecdotally, in our study [36], survivors of prematurity are more 
likely to smoke, although whether prematurity conveys an extra risk of taking up 
smoking, as against the risks if the parents smoke, was unclear. Whether these 
young adults are more likely to abuse other substances is not known. By contrast, in 
another study [75], survivors were no more likely to abuse alcohol than their peers, 
and the only criminal behavior that was more common in preterm survivors was 
fare-dodging. If possible, other forms of environmental pollution, in addition to 
tobacco smoke, should be avoided. Immunization especially against influenza is 
also important.
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�Parenchymal Disease

Alveolar Hypoplasia  “New BPD” in particular appears to be characterized by 
arrest of alveolar development. In animal models, hyperoxic gas mixtures, positive 
pressure ventilation, and systemic corticosteroids, all lead to alveolar simplification 
and failure of secondary septation. Previously, it was thought that the phase of 
maximal alveolar growth was within the first 2 years of life, the time of maximal 
exposure to iatrogenic toxicity. However, this may in fact not be the case (below). 
Hyperpolarized Helium (He3) data [76, 77], confirming animal work [78], suggest 
that in fact alveolar numbers continue to increase throughout the period of somatic 
growth. This is rather a double-edged finding; on the one hand, this gives more 
opportunity for catch-up growth, and on the other hand, the period of vulnerability 
is much greater.

Diffusing capacity of the lungs for carbon monoxide (DLCO) has been used as a 
surrogate for pulmonary capillary blood volume and can be measured reproducibly 
in preterm survivors [79]. Both the membrane and blood volume components of 
DLCO are reduced in preschool children born prematurely, suggestive of early 
alveolar hypoplasia [80]. Two studies suggest that there may be alveolar catch-up 
growth. He3 work in preterm survivors aged 10–14 years showed normal alveolar 
size [77]. An exercise study in 20–22-year-old survivors that used DLCO measured 
using CO18 rebreathing and respiratory mass spectrometry as a surrogate for alveolar 
capillary blood volume showed normal results at maximal exercise, implying the 
alveolar–capillary bed size was normal and normally distensible [81]. This study 
also highlights the difficulties in interpreting DLCO in the absence of a simultaneous 
measurement of pulmonary blood flow, since higher blood flows (as in exercise) 
lead to recruitment and distension of the pulmonary capillary bed and elevation of 
DLCO. Effective pulmonary blood flow (Qp.eff, which in this context is virtually 
equivalent to pulmonary blood flow) was also measured using C2H2. The results 
showed that there were differences in SGA and AGA survivors; the SGA survivors 
had reduced DLCO and Qp.eff at rest, normalizing on maximal exercise, which 
implies that the low resting DLCO was not due to lung or heart disease, but because 
cardiac output at rest had been set to a lower level, presumably as a result of 
intrauterine adverse circumstances. The AGA survivors were normal both at rest 
and on maximal exercise. These studies are reassuring, but in neither study were 
measurements made in early childhood, and neither studied the very small, 
extremely preterm babies; so, it would be wrong to be too reassured by these data. 
Others have reported lower DLCO at rest in preterm survivors [79, 82, 83], but 
without measurements of cardiac output, the significance of these findings is 
difficult to assess.

More recently, He3 data [84], backed up by animal work [85], suggests that 
maternal nicotine exposure reduces secondary septation, thus increasing alveolar 
size and reducing numbers. Taken together, it is likely that there is early onset of an 
emphysema-like disease as a result of prematurity and not merely premature airflow 
obstruction.
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Focal Parenchymal Abnormalities  Imaging abnormalities usually reflect the 
consequences of prematurity and its treatment, but just occasionally, an interstitial 
lung disease may present in a preterm baby, and will not be suspected unless 
appropriate imaging is carried out. The chest radiograph may be obviously abnormal 
(Fig. 1). High-resolution computerized tomography (HRCT) may reveal extensive 
abnormalities that were not immediately obvious on the chest radiograph. However, 
there is no current indication for routine HRCT in preterm survivors [86]. The classical 
HRCT appearances of “old BPD” are well-defined linear densities, hypoattenuated 
areas, and subpleural triangular densities, suggestive of patchy atelectasis and 
hyperinflation [87] (Fig. 2). The largest imaging series [88] showed confirmed these 
findings, but perhaps surprisingly, BPD was not associated with worst change over 
and above prematurity itself, underscoring that there is only a loose association 
between neonatal events and long-term outcomes. There was a relationship however 
with duration of oxygen therapy [89]. Subsequent studies have frequently shown often 
quite extensive areas of focal lung destruction in BPD survivors, even if lung function 
is not particularly abnormal [89–91]. Studies in “new BPD” are more limited [92, 93]. 

Fig. 1  Chest radiograph of an ex 24-week gestation baby with bronchopulmonary dysplasia, now 
aged 10 years. There are low flat diaphragms and very featureless lung fields, reminiscent of adult 
emphysema
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Perhaps surprisingly, the changes are quite similar to “old BPD,” at least in the 
relatively younger populations studied. Thus, although the relatively mild lung 
function abnormalities are reassuring to some degree, there may still be quite marked 
structural changes. It is likely that advances in MRI will allow this modality to be used 
more, elucidating both structure and function [94].

�Impaired Exercise Performance

In general, exercise performance in daily life in preterm survivors is good in 
adolescence and adult life, and the results of exercise testing, although not normal, 
often only reveal subtle abnormalities [81, 82, 95, 96], with no difference in 
longitudinal changes when these have been reported. Generally, exercise hypoxemia 
is not reported in these survivors [83]. Overall, neonatal events do not predict 
exercise performance [97]. Adults born preterm may exercise less than term born 
controls [98], and leisure time exercise rather than airflow obstruction or degree of 
prematurity correlates with formal exercise performance, and perhaps this is an area 
in which some form of pulmonary rehabilitation may be helpful. There is a 
differential hemodynamic response to exercise in SGA and AGA children, as 
discussed above, underscoring the need to try to separate out these two groups in 
future studies.

Notwithstanding, exercise testing does unmask physiological differences 
between preterm survivors and controls. Narang et  al. [81] found that a minor 
elevation in FRC at end-exercise was the only difference between survivors of 

a b

Fig. 2  (a) Chest radiograph of a 3-month old, ex-preterm baby with “old” BPD, still oxygen-
dependent. There appears to be only relatively mild areas of hyperinflation with some opacification. 
(b) The CT scan of the same child shows very severe changes, classical of “old BPD” with coarse 
fibrotic strands and atelectasis, alternating with severe hyperinflation. The child subsequently dies
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prematurity and controls, suggestive that there may have been some dynamic 
hyperinflation, despite no differences in resting spirometry. In a much more 
premature group of survivors than that studied by Narang et al., Lovering et al. 
[99] reported that, compared with normal controls, inspiratory reserve volume 
reduced at lower workloads in preterm survivors, who also developed severe 
dyspnea and leg pain on exercise, this despite having only relatively minor airflow 
obstruction at rest. The BPD survivors had more expiratory flow limitation at an 
early stage of exercise than the other groups. They suggested that there was a 
mechanical constraint to raising Vt during exercise (by contrast with Narang et al. 
[81]). There were no measurements of muscle blood flow or muscle oxygen 
extraction, which might have shed light on the mechanism of leg pain. It is surely 
conceivable that if auto-PEEP increases on exercise as pleural pressures rise, then 
venous return and hence cardiac output might drop, although again this was not 
found by Narang et  al. [81]. The dyspnea was attributed to loss of inspiratory 
reserve capacity [100].

Exercise performance may also be reduced by upper airway obstruction. The left 
recurrent laryngeal nerve closely abuts the arterial duct on its course into and out of 
the thorax to innervate the left vocal cord. In one study, adults who were born 
preterm (defined as birth weight ≤1000 gm or gestational age ≤28/40) were studied 
using transnasal flexible laryngoscopy (at rest and on exercise) [101]. Thirteen had 
undergone cardiac surgery for a patent arterial duct, a common complication of 
prematurity, of whom seven had a left vocal cord palsy. Exercise-induced noisy 
breathing had previously been put down to prematurity or asthma, but unsurprisingly 
there had been no response to treatment. Increasing exercise symptoms correlated 
with increasing aryepiglottic collapse at endoscopy.

In summary, levels of activity are reduced in preterm survivors, and this is 
associated with what are usually mild impairments of exercise performance. The 
data suggest these subjects may benefit from fitness training, although this needs to 
be tested in future studies.

�Abnormal Control of Breathing

There are extensive studies on the multiple mechanisms whereby control of breathing is 
disordered in infancy after premature birth [102]. There is very little information relating 
to adolescents and adulthood. Sleep-disordered breathing is more common in mid-
childhood after prematurity [103], but whether BPD confers an extra risk is unclear 
[104, 105]. A very small study documented abnormal responses to hypoxia and 
hyperoxia in adult preterm survivors [106]. This is an area for future research, and 
certainly there should be a low threshold for performing polysomnography in adult 
preterm survivors. Whether there is any deficit in control of breathing during exercise is 
unclear [102].
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�Pulmonary Circulatory Disease

Pulmonary hypertension, which is multifactorial, and increased pulmonary 
vasoreactivity are well described in preterm infants. It is said that the elevation in 
pulmonary vascular resistance disappears by childhood [107]. However, pulmonary 
vascular reactivity to hypoxemia and inhaled nitric oxide may persist into 
adolescence [108]. There are only scanty data on pulmonary circulation in adult 
survivors. The most intriguing data are from a comparison of 10 survivors of 
persistence of the fetal circulation (PFC) compared with 10 matched controls at 
age 21 years [109]. The investigators performed echocardiographic estimates of 
pulmonary arterial pressure at sea level and altitude. There was no difference in 
change in mean arterial oxygen saturation, but the PFC survivors had a much 
greater pulmonary hypertensive response (mean 62.3 vs.49.7 mm Hg). Another 
group showed a greater pulmonary hypertensive response to hypoxemia in preterm 
survivors [110]; this has implications for air travel, given that flying in a commercial 
jet is equivalent to breathing 15  % oxygen [111]. The systemic cardiovascular 
consequences of prematurity are out of the scope of this chapter, but have been 
reviewed elsewhere [112].

In summary, the possibility that an adult survivor of prematurity may have 
reduced pulmonary vascular reserve, and have or develop frank pulmonary arterial 
hypertension during aging, should be borne in mind. It is clearly important to ensure 
that such patients do not develop significant hypoxemia due, for example, to sleep-
disordered breathing (above).

�Developmental Origins of Health and Disease Hypothesis 
(DOHAD)

This hypothesis states that in utero events at critical times can reprogram an 
individual to respond better to current adverse circumstances, but at a cost of later 
maladaptive responses. Speculatively, this may account for the pulmonary 
hypertensive responses in preterm survivors described earlier. Unsurprisingly, the 
best data come from murine models; tobacco smoke exposure of pregnant dams 
leads to enhanced allergic responses postnatally in the offspring [113], and neonatal 
hyperoxia alters pulmonary immune responses and oxidative stress [114, 115]. It is 
possible, but speculative, that the increased oxidative stress in human preterm 
survivors (above) may be a DOHAD manifestation. Clearly, more research is 
needed, but the clinician should be alert to the possibility that these survivors may 
react differently to adverse later life insults.
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�Management of the Adult Survivor of Prematurity

The first essential is, if at all possible, to establish the birth history; this should in 
fact be routine in all adults with airway disease because of the differences in the 
nature of the disease documented above. If this is to happen, there needs to be a 
change in emphasis during the years of medical training. There are currently no 
specific remedies for the airway disease of prematurity. Obviously, general 
respiratory health measures should be implemented, including annual influenza 
immunization and the avoidance of active or passive tobacco exposure, and where 
possible, environmental pollution. This group should actively be targeted for 
smoking cessation programs. The nature of any airway disease should be carefully 
characterized, because some will have atopic asthma and type 2 inflammation as 
well as being born preterm, and any inappropriately prescribed anti-inflammatory 
medication weaned. Ideally induced sputum for eosinophilia should be performed, 
or at the very least a measurement of exhaled nitric oxide or blood eosinophil count 
obtained. If there is any suggestion of sleep-disordered breathing, then 
polysomnography should be performed. If there is significant impairment of 
spirometry, then pulmonary hypertension must be excluded, and, if present, 
overnight saturations monitored to exclude nocturnal hypoxemia as an exacerbating 
factor. The burden of comorbidity should be assessed and appropriate referrals 
made. It would seem sensible to review even relatively well adult survivors with 
spirometry as a minimum at least every 1–2 years to understand the trajectory of the 
airway problem; but, this is clearly an area where a better understanding and more 
research are needed. There are no guidelines for imaging either at presentation or 
follow-up, but, as with ordering any investigation, it would seem sensible only to 
repeat imaging if it is likely to change clinical management.

The management of those presenting with nonrespiratory problems, or those 
who are found to have abnormal spirometry at a screening test, is even less clear. 
Any adult born preterm who has abnormal spirometry must be considered at least as 
at risk for premature airflow obstruction, and it would seem sensible to repeat 
spirometry every 1–2 years to track any progression, as well as give general lung 
health advice on exercise, avoidance of tobacco and pollution, and the need for 
immunizations. If despite the lack of symptoms, airway obstruction is severe, then 
management should be more aggressive, along the lines suggested above.

�Summary and Conclusions

Respiratory sequelae of preterm birth are diverse, and much remains to be learned 
about them. There has been a tendency to lump together all those with low birth 
weight or prematurity, and this has likely masked differences between SGA and 
AGA survivors, for example. Their health care needs may be very different from 
those of the adult with asthma or COPD; they are a needy group, both in terms of 
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clinical care, in particular, those with complex comorbidities, and research. It 
seems likely that a large number of these survivors are receiving inappropriate 
prescriptions of inhaled corticosteroids, putting them at risk of side effects and also 
wasting resources. This group throws down a challenge to young clinicians and 
researchers respectively to improve clinical care and the evidence base for 
management!
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Adverse Outcomes Do Not Stop at Discharge: 
Post-NICU Health Care Use by Prematurely 
Born Infants

Scott A. Lorch and Shawna Calhoun

The health care needs of prematurely born infants do not stop upon discharge 
from the neonatal intensive care unit (NICU). Costs and resource utilization by 
preterm, low birth weight infants (those at the highest risk of readmission) are 
substantially higher than infants born at term [1, 2], with an estimated 35 % of all 
health care costs in the first year of life stemming from the care of the infants 
born at a birth weight <1500 g. However, there are limited data to help counsel 
families about the health care use of their prematurely born infant after the child 
is discharged from the NICU, and how these expectations may change based on 
the child’s medical conditions and the family’s social and economic factors. This 
chapter will present a summary of the postdischarge health care use of prema-
turely born infants, including future hospitalizations, emergency department vis-
its, and outpatient health care use including medications and nonwell visits. Each 
section will present information on the prevalence of each outcome and risk fac-
tors for differences in rates based on specific medical risk factors. Finally, we 
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will end with a conceptual framework for increased health care use in these 
infants and directions for future research in the field.

�Hospital Readmissions

The most commonly examined postdischarge outcome for preterm infants is hospi-
tal admission. One reason for this emphasis is the high costs, both financial and 
psychosocial, associated with them, and the potential role of variations in care qual-
ity to explain these hospitalizations. The so-called “preventable” readmissions, 
described because ostensibly some change in practice at either the inpatient or out-
patient level could have prevented the readmission, may provide insight into care 
practices that could limit hospitalizations. Preventing hospital readmissions is an 
area of emphasis by insurers and public health professionals, because hospital read-
missions may represent either poor quality of care during the hospitalization or poor 
discharge planning and transition of care from inpatient to outpatient providers [3–
8]. Readmissions can be used to define or measure the effectiveness of infant dis-
charge criteria [9, 10] or the effect of performance-based quality metrics [11]. 
Analysis of readmissions on longer time intervals can also be used to assess quality 
of outpatient care or the dyad of inpatient and outpatient care providers [3]. These 
methods may also provide insight into the overall structure of the health care system 
for managing the care of the prematurely born infant.

The second major reason for evaluating hospital readmissions is the increased 
financial and social costs to families associated with a return admission to the hos-
pital. Several studies have found elevated levels of hostility, anxiety, and/or depres-
sion among parents of NICU infants [12, 13]. These alterations in parental attitudes 
and family well-being can produce long-term effects on the development of the 
child and family. Caring for a premature infant also requires more maternal/family 
education, failure of which can further increase risk of readmission [11, 14].

For this section, we will present descriptive data from the United States and 
internationally, outlining the increased risk of hospital admission after NICU dis-
charge in prematurely born infants. Then, we will discuss how specific risk factors, 
such as extreme prematurity or bronchopulmonary dysplasia (BPD) influence these 
rates. We will finish with a brief discussion about hospital admissions secondary to 
respiratory syncytial virus (RSV), given the large number of studies on this topic.

�Epidemiology of Readmissions in the Prematurely  
Born Infants

There is extensive literature describing the elevated risk of hospitalizations in the 
preterm population. A representative sample of the literature across the past 20 years 
in both the United States and internationally is shown in Table 1. We see a wide 
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range of rates that vary by the length of follow-up after NICU discharge, the loca-
tion studied, and the years studied. Overall, for the very low birth weight infant 
(VLBW) with a birth weight < 1500 g and for the extremely low birth weight infant 
(ELBW) with a birth weight < 1000 g, rates typically range from 2 to 3 % within 
2  weeks of NICU discharge to widely variable rates by 1  year after discharge 
between 20 and 50 %, although some smaller studies from Australia and Taiwan 
during the 1980s–1990s found rates as high as 72  % [15, 16]. Data are similar 
between studies of infants born in the United States and studies from other coun-
tries, even though the baseline readmission rates in infants born at term may differ 
somewhat. Finally, in general, these rates do not substantively change by the years 
of birth, although much of the work includes information from the 1990s.

Some of these studies report on the primary diagnoses for readmissions in pre-
maturely born infants [15–26]. The majority of early readmissions within 7–14 days 
of NICU discharge are for jaundice and feeding difficulties, especially in infants 
born at a gestational age (GA) between 34 and 36 weeks. In the first year after dis-
charge, respiratory diagnoses and infections make up the majority of admissions, 
regardless of country or years of birth.

�Impact of Gestational Age and Infant Complications

As expected, younger GA and the presence of common complications of preterm 
birth are associated with a higher risk of readmission at all time periods after dis-
charge (Tables 2 and 3). In general, rates of readmission in infants born at a gesta-
tional age between 24 and 28  weeks have a threefold to fourfold increase in 
readmissions compared with moderately preterm infants born at a GA between 32 
and 34 weeks, and a fivefold to tenfold increase rate compared with infants born at 
term [18, 27]. Readmissions within 7–14 days of discharge in infants born between 
32 and 36 weeks GA are elevated in several studies compared to infants born at an 
earlier GA, likely secondary to discharge of these moderate to late preterm infants 
at a chronological age that places them at risk for readmission secondary to jaundice 
or feeding disorders. The best example of this changing risk of readmission at vari-
ous time periods is shown in the study of Ray et al. [20]. Using data from over 7 
million births in California over a 13-year period, Fig. 1 shows the declining trend 
in hospital readmissions with older gestational ages, except for a hump in readmis-
sion risk within 14 days of discharge in the infants born at a GA between 34 and 
36 weeks. These odds ratios remain increased compared to term infants for all GA 
below 38 weeks.

The primary infant complication examined for its association with postdischarge 
health care use is BPD. BPD places a prematurely born infant at higher risk for 
severe RSV disease and hospitalization, pulmonary insufficient associated with 
respiratory infections overall, and the development of reactive airways disease in 
future years. Numerous investigators shown in Table 3 show elevated risk of future 
hospital admission in infants with BPD compared to those of similar gestational 
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Table 2  Impact of gestational age on readmission rates

Author
Years 
studied

Readmission time 
period

Gestational age 
group Rate (%)

Lorch [49] 1995–2009 7 days < 28 2.6
29–32 2.1
33–34 2.2

Lorch [49] 1995–2009 14 days < 28 4.1
29–32 3.2
33–34 3.1

Ray [20] 1993–2005 14 days < 28 3.7
28–32 3.6

Lorch [49] 1995–2009 30 days < 28 6.7
29–32 5.2
33–34 4.9

Ray [20] 1993–2005 30 days < 28 6
28–32 5

Kuzniewicz [18] 2003–2012 30 days 31–33 2.9
34–36 8

Lorch [49] 1995–2009 90 days < 28 12.2
29–32 9.9
33–34 9.3

Ray [20] 1993–2005 90 days < 28 10.6
28–32 8.2

Ray [42] 1998–2001 1 year < 28 a

Lorch [49] 1995–2009 1 year < 28 20.3
29–32 19.2
33–34 18.7

Ray [20] 1993–2005 1 year < 28 16
28–32 12.5

Stephens [27] 2001–2011 30 days 24–27 30.7
28–31 19.9
32–33 10.1

Slimings [71] 1980–2010 30 days < 28 2.3
28–31 4
32–33 8.9
34–36 8.9

Tseng [72] 2000–2002 31 days < 28 22.9
28–36 12.9

Lamarche-Vadel [73] 1997 9 months 24–25 53.2
26 46.7
27 46.1
28 46.8

Stephens [27] 2001–2011 1 year 24–27 62.1
28–31 47.7
32–33 36.2

aRR 4.4

Adverse Outcomes Do Not Stop at Discharge
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ages without BPD, with odds ratios ranging from 1.4 to 2.6. For other complica-
tions, Morris [21] used data on infants born at a birth weight < 1000 g at a NICHD 
Neonatal Research Network center to report an elevated risk of hospital admission 
associated with a history of necrotizing enterocolitis and placement of a ventriculo-
peritoneal shunt (Table 3).

�RSV Hospitalizations

As mentioned above, RSV is a primary etiology for the elevated readmission risk 
in prematurely born infants. RSV has been studied both for its prevalence of dis-
ease, its impact on hospitalizations of infants in the first year of life regardless of 
their gestational age at birth, and the severity of bronchiolitis symptoms in pre-
term infants who contract the illness. RSV typically results in hospitalization for 
an estimated 17/1000 infants’ ages 0–6  months, and 5/1000 infants’ ages 
6–12  months in US studies [28, 29], with rates as high as 20/1000 infants in 
European studies [30, 31]. Overall, prematurely born infants have a twofold to 
fourfold higher rate of hospitalization, depending on season, location, and the use 
of palivizumab or monoclonal anti-RSV IgG in the community. As with data from 
general hospitalizations, younger GA and the presence of BPD are associated with 
a marked increase in risk of RSV hospitalization [32]. For example, in the pre-palivi-
zumab time period, the estimated number of hospitalizations per 1000 children 
enrolled in Medicaid was 388 for infants with BPD; 70 for infants born at a GA ≤ 
28 weeks; 66 for infants born at a GA between 29 and 32 weeks; 57 for infants 
born at a GA 33–35 weeks; and 30 for infants born at a GA ≥ 36 weeks [33]. 
Another study confirmed the higher risk of RSV hospitalization seen in infants 

Table 3  Impact of complications of preterm birth on readmission rates

Author
Years 
studied

Readmission time 
period

BPD 
odds ratio Other factor odds ratio

Lorch [3] 1998–2001 1 year 2.2
Smith [70] 1995–1999 1 year 1.8
Morris [21] 1998–2000 18–22 months 2.6 NEC 2.5, VP Shunt 5.0
Tseng [72] 2000–2002 31 days 1.2b

Lamarche-Vadel [73] 1997 9 months 1.7
Elder [26] 1990–1991 1 year 1.4
Doyle [15] 1997 2 years a

Ralser [74] 2003–2008 2 years 2.2
aReadmission in BPD 82 %, versus 53 % in infants without BPD
bHazard ratio
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born between 33 and 35 weeks GA with an adjusted risk of disease being as high 
as 2.45 compared with infants born at term in the US military health care system 
[34].Other studies demonstrate longer length of hospital stay, higher use of inten-
sive care services, and higher rates of intubation in these infants [35–37]. Reasons 
for this risk are not clear.

The impact of RSV in the prematurely born infant is not limited to the acute ill-
ness, especially for the highest risk infants. A study from the United Kingdom 
found that infants with BPD who required hospitalization for RSV had longer 
length of initial hospital stay, higher use of respiratory medications and inhalers 
over the first 5 years of age, and 80 % higher health care costs compared to infants 
with BPD who did not have a hospitalization for RSV [38]. As a result, many coun-
tries have protocols in place to encourage the use of palivizumab, a monoclonal 
IgG against an epitope in the A antigenic site of the F protein of RSV, although the 
eligibility requirements for receipt of this treatment continue to change frequently.
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Fig. 1  Impact of gestational age on risk of future hospitalization (Taken from Ray et al. [20], 
Figure 1)
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�Emergency Department Visits

Unlike hospital admissions, there are few studies on the use of emergency depart-
ments by prematurely born infants after NICU discharge. The limited epidemiologi-
cal data, primarily from single center studies or within staff model HMOs such as 
Kaiser Permanente, suggest that the rate of emergency department use ranges from 
4–5 % of infants within the first 30 days after discharge to 30–40 % of infants by 
1 year of age [18, 39–41]. Rates do appear to be increased in the moderate to late 
preterm infant compared to infants born at term. For example, moderately preterm 
infants have a 1.4-fold increase in the odds of an emergency department visit, and 
late preterm infants have a 1.2-fold increase in the odds compared to term infants 
within the Northern California Kaiser Permanente system [18].

Risk factors for increased use have focused more on social factors compared to 
medical factors. Preterm infants born to teenaged mothers were found to have a 3.6-
fold increase in emergency department use [42], while day care attendance has been 
associated with a 3.7-fold increase in emergency department use in infants born at a 
GA ≤ 32 weeks with BPD [43]. The visits are likely related to the increased report 
by parents of respiratory symptoms at least weekly in day care attendees (52.2 % 
compared to 28.5 %).

Even with these data, there have been few studies on the mechanisms to reduce 
this increased use of the emergency department. In Ohio, weekly to biweekly home 
visits in the late preterm infant failed to change the use of emergency rooms, with 
35–40 % of infants having at least one visit in the first year of life regardless of the 
frequency of home visits [41]. Intensive pulmonary follow-up at a single medical 
center for infants with BPD was not associated with difference in ED visits, with a 
mean of 0.73 visits in the first year for participants compared to 0.53 visits per year 
for nonparticipants. As participants had a greater respiratory illness severity, with a 
four times higher rate of BPD, it is possible that the intensive follow-up program 
may have normalized the emergency department use in a group of infants at risk for 
elevated use of the emergency department [44]. Little other data are known about 
the risk factors and mechanisms to ameliorate the influence of these factors on 
emergency department use.

�Outpatient Health Care Use

As with emergency department use, there is almost no data on the outpatient health 
care use of infants born prematurely. The primary work comes from the Kaiser 
Permanente system in 892 infants born between 1998 and 2001 [45]. Here, these 
infants had over 18,346 visits, 91 % of which were to the primary care physician or 
a pediatric subspecialist. Fifty-eight percent of visits were nonwell visits to the 

S.A. Lorch and S. Calhoun



129

physician, while 22 % of the visits were for well-child checks. This study found 
increased numbers of visits with decreasing GA and the presence of BPD (Fig. 2), 
although infants born between 30 and 32 weeks GA had almost 50 % greater num-
ber of visits compared to the expected number of visits for an infant born at term. 
Visits peaked within 3  months of hospital discharge (Fig. 3), with the smallest 
infants having four to five visits monthly over the first 3 months after NICU dis-
charge. Risk factors for having over 30 visits in the first year after discharge (15.2 % 
of the cohort) included BPD (OR 1.87), grade 3–4 IVH (OR 3.21), NEC (OR 4.16), 
and earlier GA at birth (GA 23–26  weeks: OR 8.04; 27–28  weeks: OR 4.42; 
29–30 weeks: OR 2.91, compared to 31–32 week GA infants).

Prematurely born infants were high users of prescription medications during the 
first year after discharge, with 43 % of the cohort filling at least one prescription 
during this time period. Similar factors predicted the 13.1 % of the cohort that filled 
over five medications in the first year after discharge, including BPD (OR 2.27) and 
earlier GA at birth (23–26  weeks: GA OR 2.62; 27–28  weeks: GA OR 2.43; 
29–30 weeks: GA OR 2.07).

Similar results have been shown in other countries. BPD and IVH are associated 
with increased use of therapies such as speech therapy, physical therapy, and occu-
pational therapy in Quebec [46]. In this study, the single most predictive risk factor 
for therapy use was single parenthood, emphasizing the potential influence of social 
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factors on postdischarge health care use in these infants. Higher overall outpatient 
health care use was seen in preterm infants born in New Zealand [47]. However, in 
general, the data are sparse for outpatient health care use in preterm infants, with no 
data on moderate or late preterm infants.

�Discussion and Future Directions

As these studies show, there is extensive evidence describing the increased health 
care use in premature infants after discharge from the NICU. While most of the lit-
erature focuses on the highest risk infants  – the ELBW infant or the infant dis-
charged home with a diagnosis of BPD – there are studies that suggest that moderate 
to late preterm infants have an increased risk of future health care use after dis-
charge, especially readmissions for jaundice, feeding difficulties, and RSV.

This overview also demonstrates the limited scope of research and policy con-
cerning this increased use of health care services. To truly reduce the risk of HC use 
in these infants, one must understand the drivers of this use in prematurely born 
infants, as these drivers offer opportunities for future quality improvement studies. 
To this end, we present a conceptual framework for the increased risk of postdis-
charge health care use, exemplified by readmissions in Fig. 4, although one could 
substitute other outpatient use or emergency department visits in the center of this 
figure. This model is based off of other work in pediatric readmissions [48], and 
attempts to incorporate not only the medical drivers of increased health care use, but 
also hospital and outpatient quality, transitions of care, and the social and economic 
factors that may drive health care use. The roles of these factors are discussed in 
future research directions below.
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Fig. 3  Average number of outpatient visits per child by month, stratified by gestational age (Taken 
from Wade et al. [45], Figure 2)
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�Role of Hospital and Outpatient Care

Readmissions can be used to define or measure the effectiveness of infant discharge 
criteria [9, 10] or the effect of performance-based quality metrics [11]. Analysis of 
readmissions on longer time intervals can also be used to assess quality of outpa-
tient care or the dyad of inpatient and outpatient care providers [3]. These methods 
may also provide insight into the overall structure of the health care system for 
managing the care of the prematurely born infant. Of note, rates of readmissions of 
prematurely born infants vary substantially between hospitals, both statewide [49] 
and within a health care system [3] .This variation can be substantial: variation in 
the unadjusted readmission rates among all California delivery hospitals regardless 
of time period, as assessed using standardized differences in readmission rates, 
ranged from 578 to 683 %. The large variation between hospitals persisted after 
adjusting for gestational age and sociodemographic factors [49].

Readmissions may also result from differences in outpatient providers and prac-
tices after discharge. For example, recent data from our group found increased rates 
of hospital readmission for preterm infants receiving care at outpatient providers 
with a higher use of unnecessary antibiotics or other medications [3]. Coller, in a 
systematic review of pediatric hospitals published in 2014, found that the primary 
method of preventing readmissions in children with complex health issues was 
improved continuity and care coordination [50]. When studies account for all 
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aspects of the health care system, both inpatient and outpatient, it may inform 
observed interhospital differences in readmission rates shown by our data and oth-
ers using Medicare [51] or individual hospital data [52].

Unfortunately, much less is known about the underlying processes of care, 
reflected by the “Family and Discharge” bubble in the conceptual framework, 
which may alter this trajectory in health care use potentially driven by the health 
care system. Readmission rates in NICUs do not correlate with complication 
rates, although, as we and others have argued [53, 54] this lack of association 
with some measures of hospital quality may reflect the theory that readmission 
measures a different aspect of care – the discharge/transition to home process, 
including education of the family – that fails to affect other quality measures 
such as complication or mortality rates [50]. There is no evidence that the timing 
of discharge alters future health care use once the infant achieves the necessary 
feeding, breathing, and temperature regulation skills needed for discharge [55]. 
Thus, future research into the specific drivers for these observed variations in 
readmission rates across health care providers is needed to effect substantial 
change.

�Social Determinants of Health

Social determinants of health, or those personal and community factors repre-
sented by the bubble on the far right of our conceptual framework, have increased 
in their public health importance over time, especially the role of socioeconomic 
status and financial hardship. Data from numerous adult studies show that infants 
of lower socioeconomic status have higher rates of hospital readmissions [56], 
leading to higher rates of readmissions at safety-net hospitals for surgical proce-
dures [57] and congestive heart failure [58]. Other studies show associations 
between readmission rates within ZIP codes and rates of poverty and other mea-
sures of social deprivation [59–61]. Family socioeconomic status, as measured by 
insurance status [60, 62–65] and financial hardship [66], is associated with read-
mission risk. Children with publicly financed insurance have higher rates of read-
mission, with prematurely born infants in some states having rates as high as 
30 % [49].

The specific role of these factors in the prematurely born infant is less under-
stood. Since preterm birth is associated with socioeconomic status, these data could 
reflect the contribution from childhood poverty, resulting in increased use of day 
care, less health physical environment, chronic and acute toxic stress, and reduced 
access to high-quality outpatient care. Other potential factors include community 
factors such as social segregation and social deprivation [67]. While there is a grow-
ing interest in the role of social determinants of health on pediatric care, much less 
is known about the role of these determinants on the short-term and long-term 
health of preterm infants and the contribution of these factors on the future health 
care use of high risk infants.
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�Moderate and Late Preterm Infants

Work presented in this chapter suggests that born at 32–37  weeks GA are not 
“small-term infants,” but rather have an elevated risk of future health care use com-
pared to infants born at term. Data suggest that some acute health care use may be 
related to physiological immaturity of these infants at the time of discharge from the 
NICU, especially bilirubin metabolism and feeding coordination. However, the 
impact of moderate–late preterm birth on long-term health care use is not clear, nor 
the use of services in the outpatient setting. Given the large number of infants born 
within this gestational age range, even small increases to health care use may have 
a large impact on health care costs.

�Preterm Infants in a Population’s Health

In the United States, there has been substantial change in policy since 2010, with 
Medicaid expansion in some states, the passage and implementation of the Affordable 
Care Act, and the growing implementation of Accountable Care Organizations. How 
these programs will impact preterm infants, particularly as part of Accountable Care 
Organizations, is unclear given that few programs have targeted perinatal care or 
newborn care in their mandates. Thus, there are no data on program structure or 
implementation to optimize health and health care use of preterm infants.

�Summary

In short, these results suggest an increased use of health care in prematurely born 
infants after discharge from the NICU. Much of the available data identifies patient-
level risk, particularly for high-cost outcomes such as hospital admission. More 
work is needed on the more prevalent infants born at later gestations and the overall 
use of outpatient services and emergency departments. The role of nonmedical fac-
tors, such as social factors, suggested in some of the work in emergency depart-
ments, and provider quality remains unknown. Further understanding of the global 
drivers for increased health care use in these high-risk infants will allow for the 
development of optimal models of care to minimize postdischarge health care use 
and minimize stress in families and caregivers.
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Opportunities to Promote Primary  
Prevention of Post Neonatal Intensive  
Care Unit Respiratory Morbidity 
in the Premature Infant

Cindy T. McEvoy

�Introduction

�The Importance of Lung Trajectories in the Prevention �
of Post-NICU Respiratory Morbidity in the Premature Infant

There is increasing evidence that lung function tracks from infancy to early 
adulthood along percentiles established very early in life [1]. Therefore, it is 
critical to develop early perinatal prevention strategies and life strategies to 
maximize the lung growth and development which begin very early in gestation 
and follow very precisely orchestrated steps. Any premature birth at <37 weeks 
of gestation can impair normal lung growth and development since fetal lung 
development is interrupted during a critical time-sensitive period. This can 
occur without the clinical manifestation of respiratory disease postnatally [2]. 
Infants born with low lung function due to premature birth coupled with other 
potential in utero and early life insults to the developing lung are likely to 
remain at a decreased percentile of lung function and are more likely, during the 
normal aging process, to develop chronic obstructive pulmonary disease 
(COPD), as discussed in chapter “Sequelae of Prematurity: The Adolescent and 
Young Adult Patient”. COPD is increasing worldwide and is predicted to be the 
third largest cause of mortality by 2030 [1]. Prevention of post neonatal inten-
sive care unit (NICU) respiratory morbidity should focus on maximizing the 
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preterm infant’s lung potential to attain maximum potential respiratory health 
into adulthood. Primary efforts should be twofold: decrease preterm deliveries 
whenever feasible, and decrease or avoid postnatal insults. Considering the 
“normal premature” lung as a critical reference point for the concept of lung 
function trajectories may enhance prevention of post NICU respiratory 
morbidity.

A variety of positive and negative environmental exposures can promote lung 
health or disease throughout life, but fetal and infant lung health is particularly 
important as it correlates with adult lung function and establishes the lifelong lung 
function trajectory. Lung development is directly related to fetal growth and the 
duration of gestation, and prematurity/low birth weight is a marker of impaired 
fetal growth that is associated with lower lifetime lung function. About 15–20 % of 
adult asthma is attributable to low birth weight [3] which is likely a combination of 
the direct effect of impaired lung function from prematurity and/or the effect of 
other insults such as environmental exposures on the premature lung. With regard 
to the prevention of post NICU respiratory morbidities, this chapter will focus on 
the modifiable insults that, if decreased, could assist in preventing subsequent life-
long lung disease, focusing particularly on in utero smoke, its physiological basis, 
and the potential for in utero intervention. Preterm deliveries are the most common 
cause of abnormal lung development [1], but subsequent lung function in this sce-
nario can also be affected by a number of additional adverse in utero and early 
postnatal insults.

�Preterm Birth Epidemiology and Complications

Despite intense research, the occurrence of preterm birth remains a global health 
problem with 14.9 million babies born before 37 weeks gestation in year 2010 
[4]. Preterm birth is associated with increased mortality and morbidity including 
increased respiratory complications. Preterm birth is the most common cause of 
altered lung development and one with potential lifelong ramifications [5]. As 
discussed in other chapters in this book, at one end of this spectrum are the 
extremely premature infants who commonly have acute neonatal respiratory 
morbidity and are at risk for the development of bronchopulmonary dysplasia 
(BPD). However, lung development is a continuum, and compared to term 
infants, late preterm infants also manifest increased neonatal respiratory morbid-
ity including altered pulmonary function [6], respiratory distress syndrome, tran-
sient tachypnea, pneumonia [2, 7], and increased wheezing, asthma, and 
respiratory morbidity as they age [8, 9]. Any approaches that decrease preterm 
birth will likely decrease the respiratory morbidity associated with the spectrum 
of prematurity.
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�Preconception Interventions Before Pregnancy to Prevent Post 
NICU Respiratory Morbidities

�Maternal Nutrition and Weight Preconception

The Barker hypothesis classically highlights the importance of maternal nutrition to 
offspring lung development. Barker et al. demonstrated that fetal undernutrition in 
middle to late gestation leads to disproportionate fetal growth and permanent 
changes in body structure [10]. Perinatal vitamin deficiencies including those in 
vitamin A [11], vitamin D [12], and vitamin E [13] have been linked to deficiencies 
in offspring pulmonary function, but few of these nutritional deficiencies have been 
studied in the scenario of preterm deliveries and their subsequent respiratory health. 
One might speculate that the effects would likely be more pronounced in extremely 
preterm, very preterm (<30–32 weeks gestation), and late preterm infants.

There is evidence from multiple large epidemiological trials [14–21] that maternal 
preconception obesity increases the risk of preterm birth [14], and is also significantly 
associated with subsequent wheezing, bronchodilator prescriptions, and asthma 
development in the offspring [14, 15, 19, 21]. Reichman et al. [19] and Kumar et al. 
[15] independently found preconception obesity (body mass index [BMI] > 30 kg/m2) 
was associated with increased risk for asthma diagnosis or recurrent wheezing. 
Several of these studies conducted in the United States were done in minority, urban, 
and disadvantaged populations. However, MacDonald et al. [21] demonstrated a sig-
nificant association in the electronic medical record documented bronchodilator dis-
pensings and preconception maternal obesity in an insured, nonurban largely White 
population in the United States, demonstrating the generalizability of this association. 
Haberg and colleagues [14] analyzed data from 33,192 pregnancies and found that 
preterm birth and maternal obesity increased the risk of wheezing by 4.3 % and 3.3 %, 
respectively. These increased risks of wheezing were in addition to the baseline risk 
of 39.2 % found in the term infants of uncomplicated pregnancies and born to moms 
with a normal BMI [14]. Thus, the risk of wheezing in preterm infants born to moth-
ers with an obese BMI is estimated to be 46.8 % [14]. The mechanism of this associa-
tion is postulated to be inflammatory, but still unproven. There are few studies 
targeting preconception weight management [22], but decreased obesity would likely 
prevent increased post NICU respiratory morbidities in premature infants.

�Preconception and Intergenerational Smoking Cessation

As outlined below, maternal smoking during pregnancy is associated with adverse 
perinatal outcomes including increased prematurity and adverse childhood respi-
ratory outcomes [23, 24]. Although intuitively preconception smoking cessation 
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would be ideal, a recent systematic review [22] identified only three studies that 
focused on decreasing preconception smoking, and pregnancy outcomes were not 
reported. In addition, studies [25] have shown that a grandmother’s smoking can 
affect the grandchild’s lung development even if the mother did not smoke, likely 
via effects on methylation pathways. This emphasizes the importance of inter-
generational smoking cessation, although the impact of this benefit will be 
delayed.

�Prenatal Interventions to Decrease Post NICU Respiratory 
Morbidities

�Decreasing In Utero (and Second Hand) Smoke Exposure 
During Pregnancy

�Clinical Benefits

There is strong evidence that smoking cessation or decreased in utero smoke/ 
tobacco/nicotine exposure is effective on multiple levels to promote lung health in 
the offspring. Importantly, maternal smoking during pregnancy is the largest pre-
ventable cause of low birth weight (LBW), prematurity and perinatal mortality [23, 
24]. About one-third of preterm births occur secondary to maternal indications or 
fetal concerns and two-thirds are due to spontaneous rupture of membranes and/or 
onset of labor [26]. Maternal smoking during pregnancy is associated with many of 
the obstetrical complications that precipitate indicated preterm birth such as pla-
centa previa, placental abruption, or fetal growth restriction [4]. One of the common 
risk factors for premature labor includes maternal smoking during pregnancy. 
Smoking predisposes to intrauterine infection, cervical insufficiency, and preterm 
prelabor rupture of membranes, all key causes of spontaneous preterm delivery 
[27]. There are several confounding factors in the relationship between maternal 
smoking during pregnancy and preterm birth, but the evidence supports the likely 
causality [4]. A meta-analysis of 20 prospective studies of over 100,000 women [28] 
found that smoking in pregnancy increased preterm births by about 25 %. The asso-
ciation between second hand smoke exposure during pregnancy and preterm birth is 
less clear [29].

In addition to its association with increased preterm deliveries, maternal smok-
ing during pregnancy is also the largest preventable cause of childhood respiratory 
illness, and children whose mothers smoked during pregnancy show lifetime 
decreases in pulmonary function and increased respiratory illnesses and asthma [30, 
31]. A population-based Canadian cohort of over 29,000 infants <33 weeks gesta-
tion demonstrated that maternal smoking during pregnancy was also associated 
with the development of BPD with an adjusted odds ratio of 1.21, 95 % confidence 
interval of 1.04–1.41 [32]. Despite being the focus of the Surgeon General for at 

C.T. McEvoy



143

least 40 years, at least 12 % of American women continue to smoke during preg-
nancy, and in low and middle income countries, the incidence is increasing. A recent 
large study from the ENRIECO Consortium reported the incidence of smoking in 
pregnancy in Europe was 20–40 % [33].

�Pulmonary Function Tests and Lung Development After Maternal 
Smoking in Pregnancy

The decreases in offspring pulmonary function caused by maternal smoking during 
pregnancy occur in both preterm and term infants, are present prior to any signifi-
cant exposure to postnatal smoke, and are lifelong. One of the initial reports indicat-
ing a connection between maternal smoking and children’s respiratory function was 
from Tager et al. [34] who reported decreases of 7–10 % in the forced expiratory 
volume in 1 s (FEV1) in children 1–5 years of age with smoking mothers. Hanrahan 
et al. [35] examined pulmonary function of infants shortly after birth (~4.2 weeks) 
as a function of maternal smoking during pregnancy and found a significant decrease 
in maximal expiratory flow at functional residual capacity (VmaxFRC). Important 
to this focus on premature infants, Hoo et al. [36] performed pulmonary function 
tests at 36.5 weeks of postmenstrual age in 108 infants who delivered preterm at 
<36  weeks gestation (mean gestational age of 33.5  weeks). These infants mani-
fested no clinical respiratory disease, but those who had been exposed to in utero 
smoke had a significantly decreased time to peak tidal expiratory flow to expiratory 
time ratio (TPTEF:TE) and a decreased VmaxFRC compared to the preterm infants 
not exposed to in utero smoke. TPTEF:TE remained significant after allowing for 
sex, ethnic group, body size, postnatal age, and socioeconomic status. Since 
TPTEF:TE is a parameter that has been shown to precede and predict wheezing 
[37], this study of pulmonary function in late preterm infants emphasizes the impact 
of in utero smoke exposure in this population. This study also demonstrates that the 
changes seen in pulmonary function tests after in utero tobacco smoke exposure are 
not caused just by exposures at the end of the gestation.

The decreases in pulmonary function after in utero smoke appear long-lasting. 
Cunningham et al. [38] performed tests on 8800 school children aged 8–12 years of 
age who were nonsmokers and found reduced forced expiratory flows in children 
whose mothers smoked during pregnancy, which was not explained by postnatal 
smoke exposure. A recent prospective study with a 21-year follow-up has now 
extended the decreases in FEV1 and FEF25–75 (forced expiratory flows between 25 % 
and 75 % of forced vital capacity [FVC]) to 21 years of age in males [31]. Birth 
cohorts demonstrate that the changes in pulmonary function after in utero smoke 
exposure persist, which support the structural changes that have been demonstrated, 
as outlined below. This strongly suggests that the incidence and severity of subse-
quent respiratory illnesses in preterm infants would be decreased [32] by programs 
to reduce maternal smoking in pregnancy or block the effects of in utero smoke on 
lung development as a modifiable factor in the face of prematurity.
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The critical importance of decreasing exposure to in utero smoke is highlighted 
by studies demonstrating structural changes in lung development by postmortem 
exams as well as in animal models after in utero smoke exposure. Elliot et al. [39] 
demonstrated that children who died of sudden infant death syndrome (SIDS) 
whose mothers had smoked prenatally and postnatally had increased airway wall 
thickness compared to infants who died of SIDS whose mothers had not smoked. 
Spindel et  al. [40] in a nonhuman primate model, have demonstrated extensive 
expression of nicotinic acetylcholine receptors (nAChR) in fetal monkey lung [40] 
and demonstrated that nicotine crossed the placenta of the pregnant monkey and 
upregulated the α7nAChR in the airway epithelial cells and fibroblasts in the fetal 
monkey lung (Fig. 1), which translated into increases in collagen in a similar distri-
bution [41]. These nicotine-induced changes in lung structure translated into altera-
tions in pulmonary function in the newborn rhesus monkeys similar to those changes 
measured in children born to smoking mothers [42]. The increased collagen and 
decreased elastin caused by prenatal nicotine exposure likely underly the changes in 
pulmonary function with decreased respiratory compliance and forced expiratory 
flows caused by maternal smoking in pregnancy.

Studies in mice have suggested the potential mechanism by which prenatal nico-
tine exposure leads to decreases in expiratory flows is by affecting airway growth. 
Nicotine stimulated lung branching and dysnaptic/disproportionate lung growth in 
a dose-dependent fashion in embryonic murine lung explants [43]. This was further 
studied in vivo in a murine model of in utero nicotine exposure in which pregnant 
mice were treated with nicotine from gestation day 7 to postnatal day 14. Similar to 
changes seen in humans and nonhuman primates, this combination of prenatal and 
postnatal nicotine exposure caused significant decreases in forced expiratory flows 
in the offspring [44]. A primary mediator of this effect appeared to be the α7 nAChR, 
as the effect of nicotine was lost in α7 nAChR knockout mice [44]. Further studies 
in this model demonstrated that the critical period for perinatal nicotine exposure to 
alter forced expiratory flows was exposure that corresponded to the end of the pseu-
doglandular period through the canalicular and saccular periods, but before most of 
the alveolarization [44] and suggests a primary effect of nicotine on airway growth. 
This was confirmed by stereological analysis of airway size and diameter which 
showed an increased number of airways of small diameter with nicotine treatment. 
These data suggest that prenatal nicotine exposure leads to decreased forced expira-
tory flows by stimulating epithelial cell growth and potentially lung branching to 
result in longer and more tortuous airways.

�Smoking Cessation/Decreasing Maternal Smoking Reduces Preterm Birth

A recent Cochrane review [45] concluded that smoking cessation programs reduce 
the proportion of women who smoke and reduce the rate of preterm birth. This 
review concluded that the effect was larger when counseling was combined with 
other strategies such as providing feedback with biochemical measures. It also 
found incentive-based interventions to be effective, but these randomized controlled 
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trials (RCTs) were underpowered to assess the effect on preterm births. A recent 
meta-analysis [46] involving 1.3 million women demonstrated that the introduction 
of antismoking legislation reduced preterm birth rates by 10 %. This was likely due 
to cessation in the smoking mother but also in those around her with subsequent 
decreased exposure to passive smoke. Cnattingius et al. [47] studied 250,000 women 

a b

c d

Fig. 1  Prenatal nicotine exposure increases α7 nAChR expression in fetal monkey lung (134 days 
gestation). Immunohistochemical localization of nicotinic receptor subtypes in 134- day fetal 
monkey lung. a and c from control fetus; b and d from nicotine-exposed fetus. (a) Anti-α7 (MAB 
319) showing brownish-red staining in fibroblast cell layer in cartilaginous airways and vessel 
walls. ×100. (b) In nicotine-exposed fetus, greatly enhanced α7 staining is seen in cartilaginous 
airway and vessel walls. ×100. No immunostaining was seen with nonimmune serum (not shown). 
(c and d) High-power view of smaller cartilaginous airways showing relatively little α7 in airway 
wall and epithelial cell lining in control lung, but intense staining in airway wall and epithelial cells 
(arrows) from nicotine-exposed lung. ×400. AEC was used as immunoperoxidase substrate, and 
hematoxylin was used as counterstain. A airway lumen, V blood vessel lumen, C cartilage,AEC3-
amino-9-ethylcarbazole,MAB monoclonal antibody (Reprinted with permission obtained from the 
American Society for Clinical Investigation publications Sekhon et al. [40])
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who delivered consecutive singletons examining women who either began smoking 
or stopped smoking in between the two deliveries. The risk of preterm birth was 
either increased or decreased respectively in a dose-dependent fashion, indicating 
that effective smoking cessation efforts should reduce preterm birth and by transla-
tion decrease post NICU respiratory morbidities.

�Nicotine Replacement Therapies (NRT)

Nicotine replacement therapies have also been studied as a means of smoking ces-
sation; however, based on the studies discussed above, nicotine itself will continue 
to have significant adverse effects on lung development. Also, randomized clinical 
trials have not demonstrated that nicotine replacement is effective or safe in promot-
ing smoking cessation during pregnancy. A recent Cochrane review [48] examined 
the safety and efficacy of six trials of NRT in 1745 pregnant smokers, and no signifi-
cant differences for smoking cessation or other important birth-related outcomes 
were demonstrated between randomized groups. The U.S.  Food and Drug 
Administration recently announced that it is extending its regulatory authority over 
all the electronic nicotine delivery systems which are being increasingly used, espe-
cially by middle and high school students [49].

�Vitamin Supplementation to Decrease the Effects of In Utero Nicotine 
on Offspring Pulmonary Function

Evidence from animal studies [50] and from a recent randomized clinical trial [37] 
of vitamin C supplementation (500  mg/day) to pregnant smokers unable to quit 
smoking indicates that vitamin C may help mediate some of the effects of in utero 
smoke exposure on offspring respiratory health. The newborns whose mothers had 
been randomized to vitamin C had significantly improved newborn pulmonary 
function tests and a decreased incidence of wheeze at 1 year of age compared to 
those whose mothers had been randomized to placebo. The effect of maternal smok-
ing on newborn lung function was also associated with the maternal genotype for 
the α5 nAChR (rs16969968) (p < 0.001 for interaction), which is the α5 nAChR 
structural polymorphism that has the strongest link to lung disease [51] (Fig. 2). 
This study was not powered to examine preterm births between the randomized 
groups, but a large RCT [52] of vitamin C (1000 mg) and vitamin E (400 IU) sup-
plementation during pregnancy found a reduction in preterm birth (RR 0.76; 95 % 
CI 0.58–0.99) and placenta abruption in the treated versus untreated smokers. 
Although the results of the initial trial of vitamin C supplementation to pregnant 
smokers were encouraging, a second randomized trial of a more diverse population 
with measurements of offspring forced expiratory flows as a sensitive measure of 
the peripheral airways is currently underway.

The independent and joint effects of prenatal smoking and LBW on subsequent 
childhood asthma were studied in 3389 prospectively followed children at 
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11–12 years of age [53]. This study demonstrated a strong interaction of LBW and 
prenatal smoking on the risk of physician-diagnosed asthma. The association of 
prenatal smoking with physician-diagnosed asthma in LBW infants had a risk ratio 
of 8.8 versus a risk ratio of 1.3 in normal birth weight children [53].

�Decrease in Air Pollution to Decrease Preterm Birth

A recent meta-analysis of 62 studies examining the association of LBW and preterm 
birth with outdoor air pollution demonstrated that third trimester exposure to carbon 
monoxide (CO) and particulate matter with aerodynamic diameter of <10  μm 
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Fig. 2  Effect of maternal smoking during pregnancy on newborn pulmonary function as modu-
lated by maternal α5 genotype (rs16969968). Newborns whose mothers were homozygous for the 
risk allele in which amino acid 398 of the α5 nAChR is changed from Asp to Asn showed the larg-
est decrease in TPTEF:TE comparing placebo to vitamin C treatment. Values presented are means 
and 95 % confidence intervals. Asp/Asp indicates mothers homozygous for nonrisk allele, Asp/
Asn indicates heterozygous mothers, Asn/Asn indicates mothers homozygous for risk allele. P 
values comparing TPTEF:TE values from newborns of mothers randomized to vitamin C versus 
placebo are 0.02, 0.32, 0.07, and <0.0001 for mothers of all genotypes, Asp/Asp, Asp/Asn, and 
Asn/Asn, respectively. P values are from linear mixed models (used to allow for unequal variance) 
adjusting for gestational age at randomization (≤16 versus >16 weeks), birth weight, and gesta-
tional age <37 weeks, and allowing for different SDs within each genotype (Reprinted with per-
mission from the American Medical Association publications McEvoy et al. [37])
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(PM10) was significantly associated with a higher preterm birth risk [54]. Particulate 
matter with aerodynamic diameter of <2.5 μm (PM2.5) and sulfur dioxide (SO2) have 
also been associated with higher risks of preterm delivery as have polycyclic aro-
matic hydrocarbons [55]. A study of 223,502 electronic medical records in the 
United Stated found that mothers with asthma may experience a higher risk for 
preterm birth after exposure to traffic-related pollutants such as CO and nitrogen 
dioxide (NO2), especially for exposures 3 months preconception and in the early 
weeks of pregnancy [55]. In the last 6 weeks of pregnancy, preterm birth risk associ-
ated with particulate matter with aerodynamic diameter of <10  μm was higher 
among women with asthma [55].

The association between prenatal exposure to fine particulate matter PM2.5 
(inhalable material <2.5 μm diameter) and early childhood lung function was inves-
tigated by Jedrychowski et al. [56]. Pregnant women had measurements of PM2.5 
performed over a 48-h period during the second trimester of pregnancy, and the 
offspring were followed through 5 years of age. Pulmonary function tests were done 
in 176 children of nonsmokers at 5 years of age and showed a significant decrease 
in FVC at the highest quartile of PM2.5 exposure [56]. The increased exposure to 
PM2.5 was in turn associated with increased wheezing at 2 years, though this effect 
was no longer significant by 4 years of age [57]. Mortimer et al. similarly saw nega-
tive associations with prenatal and early exposures to PM10 (inhalable material 
<10 μm in diameter), NO2, and CO in asthmatic children, though associations were 
for specific subgroups of children [58]. Conversely, exposure to increased levels of 
CO during pregnancy increased allergic sensitization in children with asthma [59]. 
In a retrospective study of 37,401 children born in British Columbia [60], the inci-
dence of asthma in 3–4 year olds was correlated with estimated levels of in utero 
and first year of life exposures to air pollution, and an increase in asthma risk was 
seen with increased exposure to NO2, CO, and PM10. Animal models have been 
developed to examine effects of both particulate and gaseous pollution, but the exact 
mechanisms by which exposure to air pollution alters lung development and leads 
to increased respiratory disease are still not completely clear.

�Normalizing or Maximizing Prenatal Growth

Although it is difficult to distinguish the effects of prematurity and intrauterine 
growth restriction (IUGR) due to frequent difficulties in establishing gestational 
age, epidemiological data [61] suggest that IUGR is associated with persistently 
impaired respiratory development. In sheep, it was demonstrated that fetal growth 
restriction affected lung structure at 8 weeks, and 2 years after birth with thicker 
intra-alveolar septa and thicker alveolar blood–air barrier [62]. Fetal lambs with 
induced IUGR have decreased alveolar and vascular growth [63]. Therefore, 
decreasing any modifiable underlying etiology for IUGR such as in utero smoke or 
optimizing prenatal growth in the face of IUGR would likely improve lung develop-
ment and decrease postnatal NICU respiratory morbidities.
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�Perinatal Interventions

�Avoiding Iatrogenic Preterm Deliveries and Cesarean Sections

Decreasing preterm delivery is the holy grail in the protection of lung development, 
since premature delivery is the most common cause of altered lung development 
[1]. Recent studies have shown that progesterone administration in high-risk women 
with a prior spontaneous preterm birth and those with ultrasound confirmed short-
ened cervix can decrease preterm deliveries including births at <37  weeks [64]. 
Preterm delivery can be spontaneous or indicated in response to adverse maternal or 
fetal conditions. The risks and benefits of iatrogenic pregnancy interruption need to 
be carefully considered and reviewed. In the United States, the preterm birth rate 
increased by 31 % from 1981 to 2003, largely because of increased deliveries of late 
preterm infants (340/7 to 366/7 weeks gestation) [65]. In 2003, 12.3 % of births in the 
United States were preterm [65]. This increased rate of preterm deliveries was high-
lighted by a number of organizations, and since 2005, there has been consistent 
decrease with 9.6 % of deliveries being preterm in 2014 [66]. A recent study noted 
that this decline was due to a decrease of equal magnitude in both spontaneous and 
indicated preterm deliveries [67]. This should enhance the optimization of lung 
development of those infants who avoided a preterm delivery and therefore their 
post NICU respiratory morbidities. Delivery by cesarean section can also influence 
the relationship between the gut microbiota, immune regulation, and offspring lung 
health [68], but further study is required.

�Postnatal Interventions

�Growth and Nutrition

Optimizing postnatal growth in preterm infants is critical to respiratory outcomes 
and therefore decreasing post NICU morbidities. In extremely preterm infants, BPD 
occurs more frequently in those with poor somatic growth [69], and nutritional 
intake in these infants at 7 days is associated with their growth velocity over the first 
month of life [70], and important factor for lung development. Vitamin A adminis-
tration has also been shown to decrease BPD in at-risk patients [71], but translation 
to the bedside has been variable. With reference to late preterm infants, the impor-
tance of early postnatal nutrition is extrapolated from data in term infants who 
develop growth restriction during the final weeks of the pregnancy [72]. In these 
infants, the lower rates of fetal growth are associated with impaired lung develop-
ment [72]. Late preterm infants are at increased risk of decreased nutritional intake 
due to their immature suck and swallow, but there have been no studies evaluating 
nutrition and growth velocities in late preterm infants and subsequent respiratory 
outcomes.
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�Breast-Feeding

Early and comprehensive lactation and breast-feeding support may present a unique 
opportunity to improve the respiratory health of all preterm and especially late-
preterm infants. The global benefits of breast milk are such that the American 
Academy of Pediatrics (AAP) recommends all preterm infants receive human milk, 
either mother’s own milk or pasteurized donor milk [73]. Breast-feeding or the 
administration of human milk has been associated with decreased occurrence of 
factors associated with long-term respiratory health of preterm infants including 
infections, necrotizing enterocolitis, and rehospitalization for respiratory illness 
[74]. The anti-infective and anti-inflammatory action of human milk is thought to be 
related to its unique composition, which includes high concentrations of Lactoferrin 
[75], antibodies including targeted IgA, glycoproteins, interleukin-2 receptor antag-
onist, and other anti-infectious agents [76].

Difficulty with breast-feeding also effects postnatal growth in preterm infants, 
which as previously been discussed is another component driving respiratory out-
comes [77]. For the mother and her late preterm infant, breast-feeding or mechani-
cal/manual expression of human milk may be altered by maternal factors (delayed 
lactogenesis) [78], offspring factors (immature feeding behaviors, comorbidities, 
and increased nutrition requirements) [78], and/or facility factors (maternal–infant 
separation, inaccessible mechanical expression equipment, lack of provider knowl-
edge) [78]. As late preterm infants may remain on nonspecialized obstetrical units, 
it is important that clinicians and their interdisciplinary colleagues who care for 
these mother–infant dyads strive to follow the World Health Organization’s “Ten 
Steps to Successful Breastfeeding” endorsed by the AAP [73].

Several studies suggest that breast-feeding may be protective against respiratory 
disease in infancy. The Italian FLIP study [79] (Factors Leading to Respiratory 
Syncytial Virus-related Infection and Hospitalization among Premature infants) 
reported breast-feeding as one of the seven variables predicting RSV-related hospi-
talization in infants born at 33–35 weeks’ gestation [79]. A follow-up study of 39 
infants with birth weights <2000 g demonstrated those who received human milk 
had significantly fewer days of upper respiratory symptoms at 1  month and at 
7 months corrected age (p < 0.025) [80]. A birth cohort in the study by Copenhagen 
[81] was followed through 2  years of age and demonstrated that breast-feeding 
reduced the risk of wheezy episodes and severe wheezy exacerbations, but preterm 
infants were not specifically broken out in the analysis.

�Avoidance of Second Hand Smoke

Second hand tobacco smoke remains a significant burden to young children who 
spend the majority of their time in their home environment where second hand 
smoke (SHS) is present. This continues despite the implementation of laws 
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requiring smoke-free public and working places. Former preterm infants are par-
ticularly vulnerable to the effects of SHS, which is an additional predictor of 
increased respiratory morbidity, asthma, and worsened asthma morbidity through-
out childhood [82]. Smoke-free legislation in England was immediately followed 
by a decrease in admissions for respiratory tract infections (RTI) in children 
<15 years old, primarily lower RTI with upper RTI being more incremental, and 
11,000 fewer hospital admissions for RTI per year [83]. A randomized trial of brief 
asthma education plus motivational interviewing counseling versus asthma educa-
tion alone to families with infants ≤ 32 weeks gestation demonstrated more home 
smoking bans, but these differences did not persist [82]. At 8 months post NICU 
discharge, the treatment group had lower salivary cotinine levels, but there was no 
difference in respiratory clinical outcomes of the children in the groups.

�Avoiding Early Postnatal Pollution Exposure

Multiple studies have associated increased environmental air pollution with 
increased risk of childhood asthma, respiratory infections, and indices of reduced 
lung function [84, 85], although the specific impact on people born preterm is 
unknown. Types of air pollution that have been associated with altered lung devel-
opment include particulate matter, ozone, NO2, SO2, and CO.  Studies exposing 
infant monkeys to ozone demonstrated decreased lung branching, hyperplastic air-
way epithelium, alterations in alveolar development, and smooth muscle remodel-
ing [86]. The combination of ozone and allergen also leads to hyperinnervation of 
airway epithelium [87] and increased CD25+ cells in airway epithelium, which 
could provide a link between ozone and asthma. Thus, there is likely a considerable 
interaction between multiple pollutants and prenatal and postnatal exposures.

�Importance of Avoidance of Viral Infections and Prophylaxis 
When Available

As discussed in other chapters in this book, the preterm infant is vulnerable to viral 
infections due to underlying structural weaknesses in lung development and issues 
with innate immunity. Olicker et  al. [88] compared the incidence of respiratory 
morbidity in preterm infants born between 32 0/7 and 34 6/7 weeks gestation (without 
BPD) before and after the American Academy of Pediatric (AAP) change in the 
administration guidelines of palivizumab, and found a significant increase in the 
incidence of recurrent wheeze through 12  months of age (46.2  % vs 28.8  %; 
p = 0.03) after the administration policy change. The Dutch RSV Neonatal Network 
[89] randomized 429 healthy preterm infants born at 33–35 weeks of gestational age 
to monthly palivizumab or placebo during the RSV season. The palivizumab-treated 
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infants had a relative reduction of 61 % in the total number of wheezing days during 
the first year of life and significantly less demonstrated recurrent wheeze (11 % vs 
21 %; p = 0.01). This double-blinded RCT further implicates RSV infection as an 
important mechanism of recurrent wheeze in healthy preterm infants born at 
32–35 weeks of gestation and revisits the importance of prophylaxis to decrease 
both short-term and long-term respiratory morbidity.

The Barry Caerphilly Growth Study [90] collected information on childhood 
upper and lower RTI from birth to 5 years on 14 occasions and followed sub-
jects prospectively with lung function measured at 25 years. They found that 
the lower RTI were associated with an obstructive lung function deficit, and the 
first year of life appeared to be a sensitive period for these infections. Drysdale 
et al. [91] prospectively studied the impact of lower RTI in 70 infants born at 
24–35  weeks gestation with pulmonary function tests measured at 36  weeks 
postmenstrual age and at 1 year corrected age. There were no significant differ-
ences in lung function at 36 weeks, but at 1 year, the infants who had suffered 
a viral RTI had a significantly higher mean airway resistance (23 vs 17  cm 
H2O/L/s; p = 0.0068), which remained after adjustments for significant covari-
ates [91]. One hundred and fifty-three infants born at 23–35 weeks were fol-
lowed to 12 months of age, and in this cohort, human rhinovirus C infection 
was associated with increased wheeze, use of respiratory medication, and use 
of inhaler [92].

�Avoidance of Personal Smoking in Former Premature Infants

Doyle et al. [93] reported follow-up of a cohort of 60 consecutive extremely low 
birth weight survivors with pulmonary function testing at 8 and 20.2 years of age. 
Respiratory function was compared between the smokers (n = 14) and the non-
smokers (n = 30). There was a significantly larger decrease in the FEV1/FVC ratio 
between the ages of 8 and 20 in the smokers versus nonsmokers demonstrating 
that active smoking by young adult survivors of extremely low birth weight is 
associated with reduced respiratory function. Upton et al. [94] studied the effects 
of former and current personal smoking on FEV1/FVC across the range of expo-
sure to maternal (and paternal) smoking in adult offspring of couples who also 
had participated in a population study conducted from 1972 to 1976. They docu-
mented that maternal smoking-impaired lung volume, regardless of personal 
smoking, was associated with greater smoking intensity and less quitting in the 
offspring who took up smoking, and synergized with the offspring’s smoking to 
increase airflow limitation in adults. Although this study did not focus specifically 
on preterm infants, the implication for preterm infants is likely even more 
significant.
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�Treatment of Post-NICU Respiratory Morbidity

As outlined in other chapters, prematurity including late preterm birth increases the 
risk of a number of respiratory morbidities including childhood wheeze, asthma, 
and viral and bacterial pneumonias [1]. As outlined in chapter “The 
Bronchopulmonary Dysplasia Diagnosis: Definitions, Utility, Limitations”, there 
also continues to be discussion with regards to the limitations of the current defini-
tion of BPD. In addition, investigation continues into the likely multifactorial etiol-
ogy of wheeze in former preterm infants [95]. Interestingly, there is relatively little 
evidence available on the pathophysiology and treatment of wheezing in preschool 
children (whether born term or preterm) in general [96, 97]. Currently, the treatment 
of the respiratory symptoms in former preterm infants, both late preterm and survi-
vors with the diagnosis of BPD, is primarily symptomatic with their symptoms 
decreasing over time as they age, similar to that of the general history of preschool 
wheeze [5]. There are few randomized trials of therapy in the general population of 
children with preschool wheeze (and even fewer/none done specifically in popula-
tions of preterm infants), but increasing publications of the incidence of clinical 
symptoms and treatment approaches.

Vrijlandt et al. [8] reported follow-up at 12 months of age in 77 preterm infants 
delivered at a mean gestational age of 28–29 weeks with and without BPD. Of those 
with BPD, 39 % used a beta-agonist bronchodilator and 37 % used an inhaled cor-
ticosteroid versus 50 % and 31 %, respectively of those without BPD [8]. A number 
of large trials in extremely preterm infants have recently reported the respiratory 
follow-up of the children through 1–2  years of age [98, 99]. Follow-up of the 
Support Trial by Stevens et al. [98] reported follow-up on 918 infants born between 
240/7 to 276/7 weeks for the first 18–22 months of life. Overall, 47.9 % of patients 
reported wheezing more than twice per week during the worst 2-week period, 31 % 
reported a cough lasting more than 3 days without a cold, 26.3 % used inhaled ste-
roids, and/or 9.4 % used systemic steroids [98]. Hibbs et al. [99] reported follow-up 
at 12 months of age on 456 infants with birth weights of 500–1250 g who had been 
ventilated and randomized to inhaled nitric oxide versus placebo. Overall, the inci-
dence of wheeze was 52.3 %, with the use of bronchodilators at 47 % and inhaled 
steroids at 25.9 %.

Vrijlandt et al. [9] also reported that at 4 years of age, moderate preterm infants 
born at 32–36 weeks gestation were receiving the following therapies: 13 % were 
receiving treatment with a beta-agonist, 9 % an inhaled corticosteroid, and 2 % a 
combination of a beta-agonist and an inhaled corticosteroid. For the most part, these 
therapies were used less in moderate preterm infants than early preterm infants, but 
more in the moderate preterm infants than in the term infants.

Opportunities to Promote Primary Prevention of Post Neonatal Intensive Care Unit

http://dx.doi.org/10.1007/978-3-319-48835-6_4
http://dx.doi.org/10.1007/978-3-319-48835-6_4


154

�Research Priorities for the Primary Prevention of Post NICU 
Respiratory Morbidities in Premature Infants

The key to treatment of post NICU respiratory morbidity is the optimization of lung 
development in the face of prematurity, particularly since lung function tracks from 
infancy through early adulthood along percentiles established very early in life [1]. 
There are multiple opportunities to address specific research priorities in the prena-
tal and early perinatal focus to promote lifelong lung health in the premature infant 
as outlined in Table 1. Foremost is the prevention and cessation of smoking which 
promotes lung health at multiple levels.

Table 1  Research opportunities to prevent/decrease post NICU respiratory morbidities grouped 
by the timing of the factors on lung development

Preconception
Study the effectiveness of smoking cessation strategies on incidence of preterm birth and 
offspring respiratory outcomes
Evaluate the impact of preconception weight loss in obese patients on subsequent preterm birth 
and respiratory outcomes
Investigate the role of epigenetic modification in mediating effects of nicotine and air pollution
Prenatal
Increased study into effective approaches to increase smoking cessation in all populations
Evaluate the effect of Electronic Nicotine Delivery Systems on the developing lung
Determine the combination of vitamin supplementation to pregnant women to improve offspring 
respiratory outcomes
Increased evaluation of critical exposure windows and pathophysiological mechanisms of air 
pollution on birth outcomes
Studies of interventions to optimize prenatal fetal growth
Establishment of prebirth cohorts to characterize the effects of specific obstetrical scenarios on 
preterm birth and offspring pulmonary outcomes
Perinatal (at delivery)
Continued focus on decreasing preterm deliveries, particularly iatrogenic ones
Detailed evaluation of the variety of scenarios currently ending in indicated preterm deliveries
Evaluation of the effectiveness of antenatal steroids in subgroups of late preterm infants
Early postnatal/childhood
Increased study into effective approaches to decrease second hand smoke exposure in former 
preterm infants
Evaluation of interventions to maximize and protect lung growth including physiological 
assessments and longitudinal studies
Increased study into decreasing the initiation of personal smoking in former preterm infants
Longitudinal studies of growth in late preterm infants including the impact of breast-feeding and 
relation to wheeze
Further study into the potential long-term benefits of RSV prophylaxis
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Emergence and consolidation of sleep states and maturation of control of breathing 
during sleep and wake are critical developmental milestones in the first year of life. 
Additional maturation occurs throughout childhood, and early insults may impact 
sleep and breathing into childhood, adolescence, and adulthood. The developmental 
trajectories of sleep state maturation and control of breathing are impacted by pre-
mature birth across the spectrum from marked prematurity with infants born with 
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very low birth weight (VLBW, <1500 g) to those born at 34–37 weeks gestation 
(late preterm and early term). In this chapter, we will review the association of pre-
mature birth with sleep outcomes once infants reach full term, through childhood, 
and into early adulthood. Our focus will be on the putative impact of premature 
birth on disordered breathing during sleep and sleep behaviors and circadian rhythm 
development, organized by age group. We will also highlight opportunities for fur-
ther research to address important knowledge gaps.

�Overview of Respiratory Control and Sleep State Maturation 
in Infancy

While a detailed review of normal maturation of breathing and sleep and the impact 
of prematurity on these processes during the period immediately after birth is out-
side the scope of this chapter and has been reviewed elsewhere [1–5], we will briefly 
review important concepts. The maturation of respiratory control, sleep state, and 
arousal is governed by complex interactions between the central and peripheral ner-
vous systems during prenatal and immediate postnatal development, with voluntary 
and involuntary components. Maturation of neural control of breathing, including 
peripheral chemoreceptors, central chemoreceptors, and centers in the midbrain and 
forebrain, is a nonlinear developmental process that spans from prenatal to postnatal 
periods. In addition to central nervous system development, chest wall compliance, 
mechanoreceptors or stretch receptors, airway compliance, laryngeal reflexes, and 
responsiveness of chemoreceptors to hypoxia, hypercapnia, and changes in pH all 
undergo maturational changes in the postnatal period in healthy infants. In the 
immediate postnatal period, prematurity-related interruptions or delays in these 
developmental processes can lead to apnea of prematurity, periodic breathing, and 
difficulties coordinating sucking, swallowing, and breathing.

The maturation of control of breathing coincides with the emergence of mature 
sleep states. While ventilation generally decreases during sleep, there are significant 
variations in breathing patterns and respiratory chemosensitivity across sleep states, 
and these are evident throughout the life span. Sleep in children and adults can be 
divided into two primary states: nonrapid eye movement sleep (NREM) and rapid 
eye movement (REM) sleep. By about 32 weeks gestation, fetuses and neonates 
exhibit immature versions of these states, namely quiet sleep (QS) and active sleep 
(AS) [6]. QS and AS mature into NREM and REM sleep, respectively, during the 
first several months of life in term infants. The proportion of time humans spend in 
each sleep state changes dramatically during prenatal and postnatal development, 
with AS dominating in the prenatal period, with a transition to NREM dominance 
after birth. This maturational change is thought to be important for brain maturation 
and plasticity. Term infants spend approximately 50 % of sleep time in AS [7], and 
as AS matures into REM sleep, the proportion decreases to approximately 25 % as 
infants approach 1 year of age [8]. Maturation of sleep architecture during the first 
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year of life does not appear to be significantly delayed in children who were born 
preterm [9, 10]. NREM sleep is characterized by a lack of behavioral controls, with 
more regular breathing and reduced tidal volume and respiratory rate compared 
with wakefulness. During REM sleep, respiratory rate and tidal volume become 
more irregular. REM sleep is also characterized by a reduction in muscle tone; short 
central respiratory pauses are common during REM sleep in healthy children. The 
loss of muscle tone and marked respiratory variability interact with the immature 
features of the infant respiratory and nervous systems to result in increased risk for 
apneas and periodic breathing in premature infants in the immediate postnatal 
period. Specifically, reduced neuromuscular input to respiratory muscles along with 
the increased chest wall compliance seen in infants leads to a reduction in ventila-
tion during sleep. Increased laryngeal reflexes and increased sensitivity of central 
and peripheral reflexes may then precipitate apneas.

In summary, differences between adult and newborn respiratory systems that 
make infants more vulnerable to disordered breathing during sleep include central 
nervous system immaturity, exaggerated laryngeal reflexes, increased chest wall 
compliance, immaturity of chemoreceptors, and increased time in active sleep/REM 
sleep (summarized in Table 1). Premature birth, with interruption and delay of neu-
rological and pulmonary maturation, along with increased susceptibility to pulmo-
nary disease and exposure to adverse effects of treatment, exaggerates these 
influences.

�Disordered Breathing During Sleep Across the Life  
Span (Fig. 1)

�Preterm Infants at Term Postconceptual Age

While control of breathing and sleep state maturation becomes more normal as 
preterm infants approach term postconceptual ages, there is some evidence for 
residual effects of prematurity. Two early cross-sectional studies in late preterm 

Table 1  Characteristics of the premature respiratory system that contribute to disordered breathing 
in infancy

Interrupted development of alveolar units, surfactant system, and pulmonary vasculature
Increased inflammation and oxidative stress (infection, treatment-related)
Immature chemoreceptors (enhanced peripheral sensitivity and reduced central sensitivity)
Increased laryngeal chemoreflexes with apnea, bradycardia, and vasoconstriction
Increased time in active sleep with loss of expiratory braking and stabilizing intercostal muscle 
tone
Increased chest wall compliance, lower specific lung compliance
Mechanical disadvantage due to barrel-shaped chest and more horizontal rib position
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infants demonstrated minor increases in the number of short (2–15 s) central pauses 
in former late preterm infants [11], and shorter but similar numbers of pauses in 
preterm compared to term infants [12]. Neither study reported an increase in the 
number of prolonged apneas or apneas that resulted in significant cardiorespiratory 
consequences. Both of these studies assessed breathing during sleep only at a single 
time point.

Albani et al. prospectively studied a small group (n = 12, 50 % male) of late 
preterm (mean gestational age 35 weeks, range 32.2–36.6) infants and term (n = 21, 
48 % male) infants with sequential polysomnograms (PSGs) at 40, 52, and 64 post-
conceptual weeks to characterize the number, duration, and character (obstructive, 
central, mixed) of apneas [13]. All infants in both groups were apparently healthy, 
and did not have evidence of apnea of prematurity requiring pharmacological treat-
ment, bronchopulmomary dysplasia or other pulmonary disease, or intracranial 
hemorrhage. Apnea was defined as a pause of 3 s or greater, and classified as central 
if no respiratory effort was recorded, obstructive if respiratory effort was recorded, 
and mixed if both patterns were present in either order. Apnea density (number per 
unit time), duration, character, and the presence of periodic breathing were mea-
sured. Compared to term infants, preterm infants had significantly increased density 
of apneas at the 40-week recording (126 vs. 49 per 100 min recording, p < 0.05). 
Most of the observed differences were attributable to a higher density of obstruc-
tive/mixed apneas in NREM/quiet sleep among the preterm infants. At the 52-week 
postconceptual age recording, term infants had higher apnea density overall (50 vs. 
20 per 100 min, p < 0.05), driven largely by findings in REM sleep, and there were 
no differences at 64 weeks postconceptual age in apnea density or type. Apneas in 
both groups were very rare during the final recording. The majority of preterm 

Infancy

Middle
childhood 

Preschool

Adolescence
adulthood

• Increased cardiorespiratory events and periodic breathing in
  neonates[1] with resolution as children approach term [11, 12]

• Increased risk for SIDS through first year of life[16-18]

• Conflicting evidence for impact of prematurity on risk of
  SDB[24-30]

• Consistent evidence for increased risk of SDB[32-33, 37]

• Increased vulnerability to neurocognitive effects of SDB[34]

• No clear association of OSAS with prematurity in
   adolescence[40]

• Increased risk for snoring in adults born with VLBW[42]

Fig. 1  Summary of associations between premature birth and sleep-disordered breathing during 
sleep throughout the life span
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infants demonstrated periodic breathing at 40 weeks (75 % vs. 42 % term, p < 0.05), 
primarily during NREM sleep. Periodic breathing was rare in both groups during 
subsequent recordings. Somewhat surprisingly, two of the preterm infants died dur-
ing the study; both deaths were attributed to sudden infant death syndrome (SIDS), 
one at 44 weeks after one PSG and one at 56 weeks after two PSGs. The infant who 
died at 44 weeks was described as having more frequent and longer apneas (obstruc-
tive and mixed) and more periodic breathing than the other preterm and term infants. 
The second infant was similar to preterm peers. This study, although small, suggests 
that variations in breathing during sleep in preterm infants in the immediate postna-
tal period largely resolve shortly after postconceptual term ages are reached in 
healthy late preterm infants. These findings cannot be extrapolated to children born 
extremely prematurely or with significant lung disease, and are limited by the very 
small sample size. Research studies also have shown that the presence and severity 
of bronchopulmonary dysplasia (BPD) may be associated with the severity of alter-
ations in control of ventilation [14, 15]; therefore, BPD may influence propensity 
for persistent sleep-related breathing disturbances in preterm infants.

�First Year of Life and Sudden Infant Death Syndrome

SIDS is defined as the unexplained death of a child during sleep before 1 year of 
age. While the precise pathophysiology and etiology of SIDS remain elusive, and is 
likely multifactorial, it is thought to be a disorder of respiratory control and arousal. 
Infants born prematurely are at increased risk for SIDS. Early descriptions of the 
relationship between preterm birth and SIDS suggested that rates rise substantially 
with increasing prematurity (1.06 deaths/1000 live births at term vs. 3.52 deaths/1000 
live births at 24–28 weeks gestation) and that the peak age at death was 4–6 weeks 
earlier in preterm children [16]. Despite a decrease in overall rates of SIDS with the 
“Back to Sleep” campaign, preterm birth remains a risk factor for SIDS.  In one 
population-based case-control study in five regions in England, preterm birth 
(<37 weeks gestation) was associated with a 3.44 (2.47–4.79) increased odds of 
SIDS, although this relationship was attenuated and no longer significant after mul-
tivariate adjustment [17]. Other studies, however, have found higher rates of SIDS 
in children born preterm in multivariate analyses that include adjustment for mater-
nal smoking, markers of socioeconomic status, and race, including a study of linked 
US birth and death records from 1996 to 1998 [18]. In this study, adjusted odds 
ratios for SIDS in children born preterm compared with those born at 40–41 weeks 
gestation ranged from 1.52 (1.42–1.63) for children born at 36–37 weeks gestation 
to 2.88 (2.57–3.23) for children born at 28–32 weeks gestation. Halloran and col-
leagues also found that the postnatal age at death was slightly later in preterm infants 
than term infants (16 vs. 12 weeks), with a second peak at approximately 28 weeks 
in those born extremely prematurely (22–27 weeks gestation), although postcon-
ceptional age at death was earlier in preterm infants [18]. Similar to the findings by 
Malloy and Hoffman [16], when analyzed by postconceptional age, very preterm 
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infants died, on average, more than 6  weeks earlier than term infants (46 vs. 
54 weeks postconceptual age). The increased prevalence of SIDS in children who 
were born prematurely suggests that there are sustained abnormalities in respiratory 
control in some cases, although non respiratory (cardiac) differences may also play 
a role. Instability of central chemoreception, responses to carbon dioxide and 
hypoxia, and the impact of early chronic intermittent hypoxemia on the autonomic 
nervous system have all been implicated (reviewed in [4, 19]). Shared risk factors 
for prematurity and SIDS (maternal inflammation, nicotine exposure) have also 
been suggested to explain the association [19].

�Sleep-Disordered Breathing: Preschool to Adolescence

SDB is a term that broadly describes abnormal breathing and/or gas exchange dur-
ing sleep, and encompasses a spectrum of severity from primary snoring to upper 
airway resistance syndrome (UARS) to obstructive sleep apnea syndrome (OSAS). 
Untreated SDB is associated with behavioral and neurocognitive effects across its 
spectrum [20], and metabolic and cardiovascular effects in its more severe form 
[21]. The prevalence of snoring, as reported by caregivers, is highly variable depend-
ing on the definition used, but a meta-analysis of studies that included over 95,000 
children (0–19 years of age) worldwide found the prevalence to be 7.45 % (95 % CI 
5.75–9.61  %) [22]. Most studies suggest an OSAS prevalence of 4–11  % using 
questionnaires and 1–4 % using PSG in otherwise healthy children [22], with a peak 
prevalence occurring between ages 2 and 6 years. A second increase in prevalence 
is likely in adolescence, associated with obesity. Many studies have demonstrated 
prematurity to be a risk factor for obstructive sleep-disordered breathing during 
childhood [23–25]. However, these associations vary by age group. A longitudinal 
birth cohort showed that the association between SDB and prematurity was present 
in early childhood, but not during adolescence, when obesity emerged as a strong 
risk factor [26].

The pathophysiology of OSAS is complex, and reviewed in detail elsewhere 
[27]. While the defining feature is the partial or complete collapse of the upper air-
way during sleep, there are multiple factors that likely contribute to upper airway 
obstruction, including soft-tissue hypertrophy (adenoids, tonsils, airway fat deposi-
tion), skeletal craniofacial features, pharyngeal and laryngeal tone, lower respira-
tory tract neuromuscular tone, arousal threshold, and control of breathing [27, 28]. 
Gas exchange abnormalities due to lower respiratory tract disease, upper airway 
inflammation due to gastroesophageal reflux, or swallowing disorders may influ-
ence the development or presentation of OSAS. Premature birth may influence sev-
eral of these factors, most notably ventilatory control, airway tone, craniofacial 
growth, lower airway disease, and increased risk for obesity in some premature 
populations. As these influences seem to change with age, we will discuss the rela-
tionship between prematurity and SDB by age category. When possible, differences 
in children with and without BPD will be discussed.
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�Sleep-Disordered Breathing in Preschool Children

While prematurity has been fairly consistently identified as a risk factor for SDB in 
older children (discussed later in the chapter), there are not enough data to reach a 
reliable conclusion about the role of prematurity (with or without BPD) in children 
prior to school age. Rates of symptoms of sleep-disordered breathing reported in 
cohorts of former premature infants in this age category range from approximately 
8 % [29] to 20 % [30], and are not significantly different from rates in population-
based studies of healthy toddlers [22]. In a study of preterm children at 9 months 
corrected age (mean gestational age of 31.6 weeks), birth weight and gestational 
age were not identified as risk factors for the presence of SDB symptoms [29]. In a 
study of slightly older toddlers (18–22 months) who had been born extremely pre-
maturely (24–28 weeks gestation), no markers of severity of neonatal illness in the 
neonatal period were associated with SDB risk [30]. Surprisingly, several markers 
of neonatal illness severity were associated with a lower risk of reported SDB symp-
toms, including duration of caffeine treatment, duration of ventilator treatment, and 
hospital length of stay. The presence of BPD, necrotizing enterocolitis, and expo-
sure to both hypoxia and hyperoxia were not associated with SDB symptoms in 
either direction. Female sex was the only risk factor identified, with females 2.7 
times (95 % CI 1.13–6.5) more likely to have SDB symptoms [30]. These studies, 
however, are limited by the lack of accuracy of symptoms to identify SDB and 
potential parental reporting biases.

There have been two large population-based studies that have examined the rela-
tionship between prematurity and symptoms of SDB, with disparate findings. The 
first is a longitudinal study that enrolled over 14,000 children in Southwest England 
(Avon Longitudinal Study of Parents and Children) [31]. SDB was assessed using 
questionnaires administered at three time points, 1.5, 4.75, and 6 years of age. In 
this study, prematurity was not a risk factor for SDB symptoms (snoring, mouth-
breathing, witnessed apneas) at ages 1.5 or 4.75 years. There was a modest relation-
ship between gestational age and witnessed apneas only at age 6 (OR 1.23, 95 % CI 
1.02, 1.47).

In a cross-sectional study using data from the medical records of nearly 400,000 
Australian children ages 2.5–6, sleep apnea, as defined by the use of billing codes, 
was present in 4145 or 1 % of children [32]. Children born prematurely (gestational 
age <32 weeks) were more likely to have a diagnosis of sleep apnea (hazard ratio 
2.74 (95 % CI 2.16, 3.49) in multivariate models. Children born small for gesta-
tional age did not have increased risk for sleep apnea.

The above studies, although quite large, used very different methodologies to 
classify children as having SDB, both of which may result in misclassification. 
The Avon Longitudinal Study of Parents and Children study [31] identified chil-
dren with SDB symptoms via questionnaire, and based on other studies, less 
than half of these children would likely have PSG-documented OSAS. Conversely, 
the Australian study [32] identified sleep apnea using diagnostic codes, which 
requires a health care provider to elicit symptoms and often conduct follow-up 
testing, and then enter the code, likely underestimating the prevalence. This 
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supposition is supported by the difference in the prevalence reported (1 %) and 
that reported in a meta-analysis of the prevalence of SDB symptoms such as 
snoring of around 8 % [22].

The studies discussed above used questionnaires or administrative data to assess 
for SDB symptoms. In-lab polysomnography (PSG) is expensive and may be bur-
densome to families, likely explaining the lack of published reports of cohorts of 
premature infants studied prospectively with PSG. We identified two retrospective 
studies that examined PSG findings in early childhood in former preterm infants. In 
a retrospective study of 62 children with BPD < 3 years of age (mean 10 months, 
range 2.5–31.4 months, mean gestational age of 25.8 ± 1.9 weeks) undergoing PSG 
for clinical indications including oxygen titration, McGrath-Morrow [33] reported 
that the mean respiratory disturbance index (RDI, sum of obstructive apneas, mixed 
apneas, central apneas, and hypopneas/hour of total sleep time) was 8.2  ±  10.1. 
Obstructive apneas were rare (average index of 0.7 ± 1.6). Similar to patterns seen 
in healthy children, central apneas made up the largest proportion of reported events 
(mean 3.6 + 4.6), followed by hypopneas (2.8 ± 6.1). Children who were 18 months 
or older when studied had a lower RDI (3.4 ± 2.9) than the entire cohort. A subset 
underwent a second PSG at a mean age of 13.4 + 5.2 months; RDI improved from 
14.5 ± 13.3 to 5.2 ± 6.3. The authors did not report the number of children followed 
at the center who did not undergo PSG; so, prevalence estimates are not possible. 
There was no control population reported, but values are above published normal 
values, at least in the younger age groups. These findings suggest that former pre-
term infants with BPD may be more likely to have abnormal PSG findings, but the 
study design does not allow prevalence estimates nor does it distinguish between 
findings related strictly to lower respiratory tract disease versus upper airway 
obstruction.

Sharma and colleagues used a retrospective study design to study children with 
BPD followed at a single pulmonary center who had been diagnosed with OSAS 
[34]. Of 387 children with BPD, 12 (3  %) had PSG findings suggesting 
OSAS.  Children with OSAS were characterized by a mean gestational age of 
27 weeks (range 24–33); 10 out of 12 had been intubated in the neonatal period, and 
9 out of 12 met criteria for BPD. The mean age at the time of the study was 19 months 
(range 9–28), and most presented with snoring. The mean apnea hypopnea index 
(AHI) was 29 (range 1–120). The degree of prematurity did not correlate with 
OSAS severity. All were treated with adenotonsillectomy. Three required additional 
treatment (positive pressure ventilation or supplemental oxygen), although most did 
not have follow-up PSGs. The PSGs were ordered based on clinical symptoms, and 
the authors do not report the number of children who were studied with PSG overall 
or the number with negative studies; so, it is not possible to estimate the prevalence 
of SDB in this sample of children.

Prematurity has been identified as a risk factor for PSG-defined OSAS in two 
retrospective studies of young children. In a single center retrospective study of 
139 children ages 0–17 months with PSG-confirmed OSAS, prematurity was iden-
tified in 29 % of children [35]. More than half of the premature infants in this study 
had severe OSAS (AHI >10). Gestational age, the presence of BPD, or other 
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comorbidities were not reported. In another single site retrospective study of chil-
dren under 2 years of age who underwent adenotonsillectomy at a single institution 
over a 7-year period, the authors identified prematurity as a risk factor for PSG-
defined OSAS as well as SDB as defined by symptoms prompting surgical treat-
ment [36]. Prematurity (gestational age < 37 weeks) was present in 27 % of children 
with PSG-defined OSAS compared with 9 % of the statewide population of chil-
dren under 2 years of age (p < 0.0001). In this study, prematurity was not associ-
ated with severe OSAS (AHI >10) in multivariate analyses, but this may have been 
limited by little statistical power.

In summary, in very young children, a number of studies have reported that pre-
maturity is associated with SDB symptoms and/or PSG-identified OSAS. However, 
existing data are not fully consistent, with gaps in understanding whether SDB 
severity is associated with prematurity. There is also uncertainty over whether this 
relationship is explained by BPD.

�Middle Childhood and Obstructive Sleep Apnea Syndrome

The published data suggesting prematurity is associated with an increased risk for 
sleep disordered breathing is more consistent in school-aged children than it is in 
younger children. The Cleveland Children’s Sleep and Health Study (CCSHS) is a 
population-based study of 907 children aged 8–11 years of age that used stratified 
sampling to achieve over-representation of former preterm children (gestational age 
< 36 weeks) [24]. Children were studied in their homes with multichannel record-
ings of airflow, respiratory effort, electrocardiography, and oximetry. The primary 
definition used to define OSAS was an obstructive AHI ≥5. Snoring was more com-
mon in children born preterm (21 % vs. 14 %, p = .0049), as was OSAS (4.3 vs. 
0.9 %, p = .0013). OSAS was five times (95 % CI 1.6–20.1) more likely in children 
born prematurely than those born at term in analyses adjusted for race, obesity, and 
sex. OSAS was also independently associated with African American race.

In a follow-up analysis that focused on the 383 children born preterm in the 
Cleveland Children’s Sleep and Health Study cohort, researchers aimed to identify 
demographic and perinatal risk factors for SDB (defined as obstructive apnea 
index (AI) ≥1 or obstructive AHI ≥5) at school age [23] within this subgroup. 
Univariate analysis identified race, having a single mother, mild preeclampsia, car-
diopulmonary resuscitation or intubation in the delivery room, and use of methyl-
xanthines as risk factors. After adjusting for race, having a single mother was 
associated with a 2.45 (95 % CI 1.01–6.39) increase in odds of SDB, and maternal 
mild preeclampsia was associated with a 7.56 (1.66–34.48) increase. Severe pre-
eclampsia was not associated in either unadjusted or adjusted analyses. The inves-
tigators speculated that differences in the putative pathophysiology of mild and 
severe preeclampsia could explain these findings, with mild preeclampsia reflect-
ing influences of placental hypoxemia occurring independently of vascular and 
other changes characteristic of severe preeclampsia. Maternal smoking may have 
been a particularly important confounder, as maternal smoking may reduce the risk 
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of severe preeclampsia, and smoking rates were much higher in those with mild 
preeclampsia. While the point estimates of the association between maternal 
smoking and SDB were elevated (2.1), this was a nonsignificant finding. There was 
no univariate or multivariate association between multiple markers of neonatal ill-
ness severity in this study, including gestational age, birth weight, BPD, duration 
of ventilatory support, and intraventricular hemorrhage.

The Cleveland Children’s Sleep and Health Study investigators also quantified 
the association of SDB with impaired neurocognitive function and academic 
achievement [37]. In unadjusted analyses, SDB was associated with significant 
reductions in performance in six out of seven neurocognitive and achievement tests; 
these differences were attenuated after multivariate adjustments (age, sex, birth 
weight category, socioeconomic status), with most of the attenuation attributable to 
socioeconomic status (caregiver education, marital status, and income). 
Hypothesizing prematurity might confer increased vulnerability to adverse neuro-
cognitive effects of SDB, investigators performed stratified analyses in children 
born preterm. There were similar findings to the full cohort in unadjusted analysis. 
The attenuation following multivariable adjustment, including that for socioeco-
nomic status, was present but not as strong as it had been in the full cohort. Children 
born preterm with SDB had significantly lower performance on five out of seven 
neurocognitive and achievement tests compared to those without SDB after multi-
variate adjustments. Taken together, these findings suggest that preterm birth 
increases the risk for SDB at school age independently of severe neonatal illnesses 
such as BPD, and that prematurity may result in increased susceptibility to adverse 
neurocognitive and academic achievement effects.

Perinatal morbidity including premature birth is strongly associated with race 
and socioeconomic status. Race, socioeconomic status, and neighborhood level fac-
tors are also strong risk factors for SDB [24, 25]. As suggested by the attenuation of 
the association between SDB and neurocognitive consequences found by 
Emancipator and colleagues [37], the relationship between SDB and social determi-
nants of health is complex. Calhoun and colleagues investigated the association 
between SDB and a wide range of prenatal and perinatal risk factors, and further 
attempted to understand the association between these complications and SES/race 
[38]. The authors compared a population of 105 children who were referred to a 
specialty sleep clinic and who were subsequently diagnosed with SDB based on a 
clinical PSG with an AHI ≥5. The control population included 508 children enrolled 
in a population-based cohort study of healthy children who had a negative research 
PSG. Therefore, while the control group was population based, the children with 
SDB were brought to medical attention by their caregivers, and were not drawn 
from a population-based cohort. Children with SDB were older, had a higher mean 
BMI, and were much more likely to be minority, of low SES, exposed to smoke dur-
ing pregnancy, and have had perinatal complications including premature birth, pre-
eclampsia, gestational diabetes, and neonatal respiratory distress. After controlling 
for race, SES, and BMI percentile, there remained a significant association between 
SDB and prematurity. SDB was also associated with maternal smoking during preg-
nancy, need for supplemental oxygen at birth, and delayed walking milestones in 
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multivariate analyses [38]. In another study of 197 children ages 5–12 years who 
were born preterm and had participated in a neonatal study of caffeine use, chorio-
amniotis and multiple gestation were associated with OSAS, while maternal white 
race and maternal age were protective [39]. Other risk factors, including birth 
weight, sex, and use of antenatal corticosteroids, were not related to OSAS. These 
studies [23, 24, 37–39] support using a low threshold to identify and test former 
preterm school-aged children for SDB, even without a history of significant lung 
disease, and particularly in those who are minorities or of lower SES status.

�Adolescents and Young Adults and Sleep-Disordered Breathing

At least two studies have shown that SDB in middle childhood often regresses dur-
ing the transition to adolescence [40, 41]. In the Cleveland Children’s Sleep and 
Health Study, participants were studied using objective sleep apnea testing at ages 
8–11 years and 16–19 years [26]. While OSAS prevalence was similar at each time 
point (4–5 %), OSAS largely did not persist from middle childhood into adoles-
cence, that is, most of the children with OSAS at a young age did not have OSAS as 
adolescents, while adolescents with OSAS largely did not display OSAS during 
middle childhood. Preterm birth, which was a risk factor for OSAS in middle child-
hood, was not associated with OSAS in unadjusted or adjusted models at 16–19 years 
of age. Risk factors for SDB in postpubertal adolescents appear to be similar to risk 
factors for SDB in adults, including male sex, age, BMI, and metabolic 
derangements.

There are very little data available to determine the association between preterm 
birth and SDB in adults. Epidemiological studies that describe risk factors for the 
presence or development of OSAS in adults do not typically include perinatal events 
as putative risk factors [26, 42]. Even if they were included, these data would be 
subject to significant recall biases, and treatment practices for children born prema-
turely have changed significantly over the last several decades. There is one longi-
tudinal cohort study of adults who have been followed prospectively from birth into 
their early 20s that provides some insight into the relationship between prematurity 
and SDB in young adults. The Helsinki Study of Very Low Birth Weight Adults is 
comprised of 335 consecutively born infants with a birth weight below 1500 g and 
treated in a tertiary neonatal center in Finland [43]. A control population of single-
ton term infants born at the same centers was also recruited. Symptoms of SDB 
were assessed using a brief questionnaire, and the primary SDB outcome was snor-
ing reported at least one or two times per week. While there was no difference in 
crude estimates of SDB, in analyses adjusted for age, sex, smoking, parental educa-
tion, BMI, and depression, chronic snoring was 2.2 times more likely (85 % CI 
1.1–4.5) in young adults born prematurely compared to those born at term. Maternal 
smoking during pregnancy was significantly associated with chronic snoring in 
those who had been born prematurely. Other perinatal risk factors including 
preeclampsia and mechanical ventilation were not associated with snoring. No 
objective measures of SDB were performed in this study.
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In summary, disorders of respiratory control during sleep are very common in 
infants who were born prematurely. The risk of OSAS in middle childhood is 
increased in children who were born prematurely, but this risk appears to attenuate 
during adolescence. There are limited data exploring the relationship between prema-
turity and SDB in adulthood. The evidence of associations between premature birth 
and disordered breathing during sleep across the life span is summarized in Fig. 1.

�Impact of Preterm Birth on Sleep Architecture and Circadian 
Rhythm (Fig. 2)

�Overview of Circadian Entrainment in the Neonatal Period

A full discussion of the development of circadian rhythms in the immediate neona-
tal period is outside the scope of this chapter; interested readers are referred to a 
comprehensive review [8]. Circadian rhythm development begins in the fetal period 
and is responsive to maternal signals [44]. Studies in preterm primates demonstrate 
circadian clock responsiveness to light develops as early as 24 weeks gestation [45], 
and longitudinal studies of preterm infants show development of circadian oscilla-
tions in body temperature by 3 months corrected age [8]. There is evidence that 
nonphysiological exposure to light in the neonatal (NICU) period may disturb sleep 
wake patterns in infants. While there are conflicting reports about the effectiveness 
of cycled light-dark exposures in the neonatal intensive care unit on circadian 
entrainment, there are data that support this practice [46, 47].

Infancy

Middle
childhood 

Preschool

Adolescence
adulthood

• Maturation of sleep stages similar to term infants over first
  year[8-10] 

• Advanced phase tendencies by one year of life[48]

• No differences in sleep duration, night wakings, bedtime
  resistance in preterm young children[49]

• No consistent association between prematurity and sleep
   efficiency or sleep behaviors[49-51]

• Increased vulnerability to neurocognitive effects of poor
  sleep[50] 

• Advanced phase or morningness preferences in former
   preterm adolescents and adults[57-61]

Fig. 2  Summary of associations between premature birth and sleep behaviors/circadian rhythms 
throughout the life span

K.R. Ross and S. Redline



173

�Sleep Architecture in the First Year of Life

Infants born prematurely undergo maturation of sleep architecture from Active 
Sleep/REM-dominated to Quiet Sleep/NREM-dominated during the first year of 
life, similar to term infants. “Asymptomatic” preterm infants have sleep architecture 
that is nearly indistinguishable from full-term peers once they reach term postmen-
strual age (PMA) [10]. Extreme prematurity and treatment with mechanical ventila-
tion are associated with small reductions in the proportion of time in quiet sleep at 
term PMA. Maternal steroids and steroids given to the infant were not associated 
with delays or advances in sleep architecture [10]. In the early 1980s, Anders and 
Keener conducted a longitudinal study of term and preterm infants during their first 
year of life in which sleep architecture was assessed at seven time points in the 
home using video somnography [9]. They found similar sleep-wake state develop-
ment in both groups, with consolidated sleep at night and quiet sleep dominating the 
primary sleep period by 1 year (corrected) of age. While the authors recruited pre-
term infants who had experienced “serious complications secondary to prematu-
rity,” the majority of the infants were 30 weeks gestation or greater, and half were 
over 1500 g at birth. To address how more extreme prematurity and modern treat-
ments of prematurity may affect sleep architecture as infants approach 1 year of age, 
Guyer and colleagues used actigraphy to assess 24-h sleep-wake rhythms in 34 
preterm infants (<32 weeks gestation) compared with 14 term infants at 5, 11, and 
25 weeks corrected age [48]. Actigraphs are worn on the limb and measure move-
ment in order to estimate sleep duration and other measures of sleep quality. 
Nighttime sleep and consolidated sleep between midnight and 6 am were longer at 
all ages studied in the preterm infants. In another study using actigraphy, Asaka and 
Takada assessed sleep-wake architecture in 14 children born at very low birth 
weight (VLBW, <1500 g) compared to a control population of children born at term 
[49] at approximately 1 year (corrected) age. Preterm infants fell asleep, woke ear-
lier, and had a slightly shorter duration of nighttime sleep (approximately 20 min on 
average) compared with former full-term infants. Total sleep duration was similar, 
as were sleep efficiency and night awakenings.

�Sleep Patterns and Behaviors in Preschool �
and School-Aged Children

Iglowstein and colleagues collected prospective data over a 10-year period on sleep 
patterns in children born preterm and compared them to a control population of 
children born at term [50]. The preterm cohort consisted of 130 children born in the 
mid-1970s, with a mean gestational age of 34 weeks (range 27–36), including 30 
children considered extremely premature (<32 weeks). The term control group was 
comprised of 75 children born during the same period with a gestational age ≥ 
37 weeks. The groups were matched by socioeconomic status. Sleep patterns and 
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behaviors were elicited using structured face-to-face interviews that included ques-
tions about bedtime, wake time, night wakings, difficult behaviors around bedtime, 
and bed sharing. Sleep patterns and behaviors were remarkably similar between the 
two groups, with no differences found using linear and generalized mixed models. 
The authors also reported no difference between the children born very preterm 
(<32 week gestation) compared with those born at term. These findings should be 
interpreted cautiously given the small sample and the difference between neonatal 
practices to treat extreme prematurity in the mid-1970s and today. In a more con-
temporary study, sleep behaviors and cognitive function in 58 children aged 
6–10 years who had been born at <32 weeks gestation were compared with 55 full-
term children [51]. Children born preterm had increased night awakenings based on 
in-home PSG compared with term children, but otherwise showed similar sleep 
patterns. Cognitive test scores were lower in preterm compared to term children on 
average, and sleep efficiency was negatively associated with performance on cogni-
tive tests in the children born preterm but not those born at term. While sleep mea-
sures were assessed using more objective measures, they were based on only a 
single night recording. In the context of this limitation, similar to the findings with 
respect to SDB [37], these findings raise concern that children born preterm may be 
more susceptible to adverse effects of impaired sleep quality due to nonrespiratory 
causes than their term peers.

In addition to concerns about the impact of treatment with corticosteroids on the 
maturation of sleep-wake patterns and the long-term risk of respiratory and nonres-
piratory sleep disorders, Marcus and colleagues addressed the hypothesis that neo-
natal use of caffeine results in long-term abnormalities in sleep architecture and 
breathing during sleep [52]. Caffeine, a methyxanthine, is the most commonly used 
medication in infants born before 32 weeks gestation [53], and has clear short-term 
and medium-term benefits on a variety of neonatal outcomes including respiratory 
control, the development of BPD, and neurocognitive development [54, 55]. The 
short-term effects of caffeine on sleep are also well known, but citing animal data 
showing neonatal administration of caffeine affects ventilatory control in adult ani-
mals, these investigators hypothesized that there may be long-term effects of block-
ing adenosine receptors in the brain on sleep architecture and ventilatory control in 
children [52]. They addressed this hypothesis by obtaining subjective (question-
naire) and objective (2 weeks of actigraphy and one night in-home PSG) measures 
of sleep in a subset of children ages 5–12 years who had been randomized to caf-
feine or placebo as neonates in the Caffeine for Apnea of Prematurity (CAP) trial 
[54]. While the prevalence of OSAS (defined as an AHI ≥2) was high (24 % in the 
caffeine group and 29 % in the placebo group), there were no differences in the 
coprimary outcomes of AHI and sleep duration by actigraphy between the caffeine 
and placebo groups [52]. No group differences were apparent in other measures of 
sleep quality, including wake after sleep onset, bedtime, sleep onset latency, and 
sleep efficiency. Periodic limb movements during sleep were also common, but 
there were no group differences. This study confirms other studies demonstrating a 
high prevalence of SDB in former preterm children at school age, but suggests that 
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high rates of SDB cannot be attributed to neonatal caffeine use. Caffeine also did 
not result in long-term differences in sleep architecture. While the objective of this 
study was not to compare sleep quality or behaviors to a control group of term chil-
dren, actigraphy findings were similar to those reported in healthy school-aged 
children.

�Preterm Birth and Circadian Rhythms in Adolescents 
and Adults

Adolescents typically develop a progressive phase delay in their circadian clocks 
during puberty [56], manifested by going to sleep and waking later than younger 
children or older adults. Animal models suggesting that circadian clock develop-
ment can be impacted by perinatal stress and exposures [57] are supported by a 
small literature showing lasting impact of premature birth on sleep-wake rhythms 
[58, 59]. Using two questionnaires that assessed morningness versus eveningness 
preferences in two separate cohorts of 13-year-old children born preterm and term 
controls, Natale et al. found a shift in adolescents born preterm toward morningness 
preferences [58]. This study was limited by lack of assessment of objective mea-
sures of sleep-wake schedules. Hibbs et al. used actigraphy to objectively capture 
sleep and wake times in a cohort of 501 adolescents aged 16–19 years who were 
part of the longitudinal Cleveland Children’s Sleep and Health Study [59]. While 
pubertal status was assessed in only 70 % of subjects, over 99 % of those assessed 
had completed puberty at the time of this study. Weekday bedtime in the 217 ado-
lescents born preterm was approximately 30 min earlier than the 284 adolescents 
born at term as assessed by actigraphy and self-report. Wake times were also earlier 
by approximately 20 min. Sleep efficiency was similar, and adolescents born pre-
maturely were more likely to report functioning best in the morning compared with 
term peers. After adjusting for age, race, maternal education, and household income, 
midsleep time remained earlier in preterm adolescents compared with term peers by 
22  min. These findings support a relative phase advance in children born 
prematurely.

Researchers found similar patterns in young adults who had been born at very 
low birth weight in the Helsinki Study of Very Low Birth Weight Adults cohort [60]. 
These findings were reported in a prospective study that was designed to follow up 
on earlier reports from this cohort, suggesting an increased propensity toward morn-
ingness using questionnaires [61] and advanced phase tendencies found in a post 
hoc analysis [62]. Actigraphy was used to measure sleep in 75 subjects aged 
21–29 years (40 VLBW and 35 controls) for at least 5 days. Young adults born pre-
maturely woke 40 min earlier on average, with no differences in sleep duration or 
measures of sleep quality. Findings were not affected by adjustment for age, sex, 
parental education, employment status, use of antidepressants, and current 
smoking.
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Disturbed sleep or insufficient sleep in childhood may negatively affect a range 
of behaviors, cognition, and health. Although children born preterm may be vulner-
able to the adverse effects of insufficient sleep because of underlying health or cog-
nitive, there is no current evidence indicating that former preterm infants have an 
increased prevalence of short or fragmented sleep, other than related to 
SDB. Interestingly, this group appears to display a tendency toward morningness or 
advanced phase circadian rhythm, which may be advantageous in relationship to 
adjusting to early school start times. Evidence for associations between premature 
birth and sleep behaviors across the life span is summarized in Fig. 2.

�Summary

The maturation of sleep and breathing is vulnerable to significant impacts during 
critical periods of brain and respiratory system development. The trajectories of 
these critical developmental milestones may be adversely affected by the direct 
impact of premature birth, by comorbid conditions, by neonatal treatments, and by 
environmental exposures in the neonatal intensive care unit and during treatment. 
Disorders of respiratory control, including sudden infant death syndrome and 
obstructive sleep apnea syndrome are more common in children born prematurely. 
The effects of prematurity on disordered breathing during sleep appear to wane with 
age. However, given developmental plasticity, a high index of suspicion for SDB in 
the former preterm infant is needed. In contrast, effects on circadian rhythm persist 
into adulthood, and possibly may have beneficial effects. Further work is needed to 
understand the impact of systematic sleep assessments in preterm children, and how 
shared risk factors for prematurity and sleep disorders, particularly race and socio-
economic status, interact.
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Airway Outcomes

Wade G. McClain, Gita M. Fleischman, and Amelia F. Drake

�Introduction

Airway obstruction in the premature infant is a common cause of respiratory dis-
tress and can result from a wide array of structural and physiological problems. 
Although congenital problems can cause obstruction, many cases are directly 
related to supportive treatment of pulmonary immaturity, such as prolonged endo-
tracheal intubation. In some patients, the residual effects are minimal; in other 
cases, the ongoing care that they need is substantial and long term. Most of the posi-
tive outcomes relate to success in achieving normal breathing and airway patency. 
Treatment cannot be undertaken without identification of the anatomical site(s) of 
obstruction, and this chapter will discuss pathophysiology, treatment, and outcomes 
based on anatomical subsite.

The heterogeneity of pathophysiology of upper airway obstruction makes sys-
tematic study of outcomes for specific disease processes difficult, and the literature 
specifically relating to outcomes among premature infants is relatively sparse. 
Where available, data for outcomes among premature infants have been included 
and identified as such. In other cases, many studies include term infants with similar 
pathology, which are discussed to provide an overview of current knowledge.

From a historical perspective, the literature in the 1980s and 1990s in pediatric 
surgery and otolaryngology journals contained articles from a number of leaders in 
this area around the world, reporting the occurrence of laryngeal stenosis in infants 
who had been ventilated and included recommendations for its prevention, which 
was key. In 1981, a landmark article first mentioned the anterior cricoid split 
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procedure as an alternative to tracheostomy in infants with subglottic stenosis [1]. 
This article demonstrated that a simple procedure, though it did require ongoing 
support of the infant, could lyse the area of stenosis and achieve reasonable success 
(~90 %). The subglottic area was now accessible to surgeons to enlarge. As the 
numbers and complexity of laryngeal stenosis increased, so did the procedures, with 
anterior and posterior grafting described. Authors in many countries reported their 
outcomes in large numbers during this era of rapid reporting and surgical treatment, 
and innovation elapsed. Centers of excellence were recognized as those who had 
increasing success in the surgical and medical management of these difficult prob-
lems. This chapter hopes to delineate some of the more common airway outcomes 
of prematurity that are known, and to explore options for their successful 
management.

�Base of Tongue

The base of tongue extends from the circumvallate papillae to the vallecula. When 
displaced posteriorly, either because of enlargement due to macroglossia or mass 
such as lingual thyroid or by retrognathia, airway obstruction can occur. Syndromes 
such as trisomy 21 and Beckwith-Wiedemann syndrome exhibit macroglossia and 
resultant glossoptosis. Such syndromes when occurring in premature infants may be 
diagnosed later, secondary to other problems, but do complicate further manage-
ment. Even in term infants, the Pierre Robin sequence (PRS) can present with severe 
and even life-threatening upper airway obstruction in the perinatal period due to 
retrognathia. Approximately 50 % of cases of PRS are associated with an identifi-
able syndrome or chromosomal abnormality. Early identification of syndromic 
cases is important as these are associated with worse airway and feeding outcomes 
[2]. Management of the airway in PRS ranges from positioning changes to nasopha-
ryngeal airway placement to surgical intervention such as tongue-lip adhesion, 
mandibular distraction osteogenesis, or tracheostomy. As with many of the airway 
lesions discussed in this text, tracheostomy definitively establishes a patent airway 
in PRS, but morbidity associated with tracheostomy means that its avoidance is the 
goal of the other interventions discussed here.

Airway obstruction in PRS can be managed nonsurgically in 40–84 % of cases 
[3]. Failures of nonsurgical management, as defined by continuing respiratory dis-
tress or abnormal polysomnogram, were traditionally treated with tracheostomy or 
tongue-lip adhesion. Recent literature suggests that mandibular distraction osteo-
genesis is well tolerated and has superior outcomes to tongue-lip adhesion [4]. The 
idea of “catch-up growth” of the mandible postnatally may be erroneous, as studies 
do not show an improvement in polysomnographic findings with advancing age [5]. 
Distraction osteogenesis outcomes in premature infants with PRS do not appear 
worse than those in term infants in limited studies [6].
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�Supraglottis

The supraglottis is the most common subsite of the upper airway for lesions that 
present with stridor in the newborn and is usually associated with inspiratory stri-
dor. Congenital laryngomalacia is the single most common cause of stridor in new-
borns and infants. It is diagnosed in 50–75 % of all infants with stridor [7, 8]. This 
stridor is distinctly high-pitched, inspiratory, and worsens with supine position and 
sleep. The noise is attributed to prolapse of supraglottic structures into the airway 
and subsequent turbulent airflow.

Laryngomalacia is a disease spectrum, ranging from intermittent positional stri-
dor to life-threatening airway compromise, with the development of cor pulmonale. 
Historically, the etiology of laryngomalacia was postulated to be secondary to car-
tilaginous immaturity and anatomical abnormality; however, it is now understood 
that laryngeal hypotonicity resulting from neuromuscular immaturity is the most 
accepted hypothesis (Figs. 1 and 2).

Laryngomalacia is most easily diagnosed endoscopically, with a simple bedside 
flexible fiberoptic laryngoscopic exam, which allows for direct visualization of the 
airway during dynamic respiration, from the oropharynx to the hypopharynx and lar-
ynx. Large-scale studies have shown that endoscopy is more sensitive at diagnosing 
laryngomalacia than radiographic evaluation [9]. Additionally, flexible bronchoscopy 
performed under sedation by pediatric pulmonology should be considered, because 
laryngomalacia may be associated with additional lower airway lesions, with reports 
ranging from 10–41 % of secondary lesions [10, 11]. Diagnosis of laryngomalacia in 

Fig. 1  Direct laryngoscopic 
view of laryngomalacia. Note 
the curled appearance of the 
epiglottis and the medial 
prolapse of the arytenoids. 
The laryngoscope blade’s 
position in the vallecula has 
elevated the epiglottis and 
moderated the appearance of 
supraglottic collapse
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premature infants is important, as it may be a large contributor to failure to extubate, 
or alternatively these children may require prolonged CPAP.

Gastroesophageal reflux (GER) and laryngomalacia have been shown to be 
strongly correlated. In one study, GERD was found in 64 % of patients with laryn-
gomalacia, and was significantly associated with severe symptoms and complicated 
clinical course including increased rates of hospitalization, poor weight gain, and 
the need for surgical intervention [12].

�Glottis

Obstruction at the level of the glottis can be caused by a failure of recannulation of 
the airway during fetal development, as seen in laryngeal webs or atresia (Fig. 3), as 
well as by vocal cord immobility. Vocal cord paralysis can be either unilateral or 
bilateral. Unilateral paralysis is most commonly iatrogenic and is associated with 
birth trauma or repair of cardiac abnormalities. The extended course of the left 
recurrent laryngeal nerve exposes it to iatrogenic damage during cardiovascular sur-
gery and esophageal surgery. Because of this, unilateral paralysis is predominantly 
left-sided. The right vagus nerve can be injured during placement and decannulation 
of ECMO cannulas [13]. Unilateral paralysis can present with a hoarse, breathy cry, 
and can be associated with aspiration and dysphagia. Therefore, diagnosis should be 
sought early, and further management should ideally involve speech therapy in joint 
consultation with ENT or pulmonology.

Fig. 2  Immediate postopera-
tive appearance of the patient 
from Fig. 1 after aryepiglottic 
fold division. Note the 
expanded supraglottic airway. 
Removal of redundant 
arytenoid soft tissue could be 
subsequently performed to 
further open the airway
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A 2014 meta-analysis estimated the rate of unilateral vocal fold paralysis after 
congenital cardiac surgery to be approximately 9 %, but a subset of the analyzed 
studies in which all patients were prospectively evaluated by laryngoscopy reported 
a rate of 30 % [14]. Risk of unilateral paralysis after patent ductus arteriosus ligation 
was reported in 5–17 % of preterm and low birth weight infants [15, 16]. Risk of 
unilateral vocal fold dysfunction is even higher, approximately 58 %, in infants that 
undergo more complex repairs such as Norwood or aortic arch reconstruction [17]. 
Younger age, underlying airway or genetic abnormalities are further risks, and may 
warrant formal airway evaluation, for instance, at the time of extubation [18]. 
Interestingly, left vocal cord dysfunction during exercise was demonstrated in 26 % 
of such former premature infants with history of PDA ligation when they were 
adults [19].

A majority of congenital vocal fold paralysis is bilateral. Bilateral paralysis can 
be congenital acquired in the early neonatal period due to hydrocephalus or Arnold-
Chiari malformation, but is often idiopathic. Premature infants who required intuba-
tion at delivery may only be diagnosed with vocal fold paralysis at the time of 
extubation. Bilateral vocal fold paralysis causing airway compromise normally 
presents with high-pitched inspiratory or biphasic stridor. The cry often sounds rela-
tively normal, and this can delay diagnosis.

Diagnosis of unilateral or bilateral vocal cord dysfunction is best accomplished 
either by laryngoscopy or bronchoscopy. Further evaluation of their swallowing and 
feeding will determine treatment options ranging from watchful waiting in patients 
who can maintain adequate oxygenation and avoid significant aspiration to trache-
ostomy in those that cannot.

Fig. 3  A congenital 
laryngeal web in an infant 
with 22q11.2 microdeletion 
syndrome
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�Subglottis

�Description/Classification

Subglottic stenosis (SGS) is defined as narrowing of the subglottic airway to 
<3.5 mm in premature infants and 4.0 mm in term neonates. It can be caused by 
neoplasms such as hemangioma (Fig. 4), but in the premature infant, it is most often 
iatrogenic or congenital.

The vast majority (~95 %) of cases are acquired due to airway trauma, most com-
monly endotracheal intubation. SGS without a history of airway manipulation is 
considered congenital. The proportion of SGS that is congenital is likely underesti-
mated because of the frequency of intubation before formal endoscopy in the setting 
of respiratory distress.

Congenital SGS can be due to cartilaginous or membranous stenosis. Congenital 
cartilaginous SGS can be due to a flattened (short anterior/posterior diameter), ellip-
tical (shortened lateral diameter) (Fig. 5), or a “trapped” first tracheal ring that tele-
scopes into the subglottis, narrowing the airway. Membranous stenosis results from 
hypertrophy of the submucosal tissues or mucous glands and appears soft on rigid 
endoscopy (Fig. 6). Congenital SGS is more likely to be amenable to observation 
and avoidance of surgical intervention. Because it does not result from an inflamma-
tory process, it is also more likely to be successfully treated if surgical intervention 
becomes necessary.

Fig. 4  Classic appearance 
of a subglottic hemangioma. 
Red irregular mass in the 
lateral posterior portion of 
the subglottis
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�Epidemiology

The emergence and rapid advance of the specialty of neonatology since the 
1960s has allowed the survival of premature infants with their associated pulmo-
nary diseases of prematurity. Along with the increased survival of extreme pre-
mature infants, the incidence of prolonged endotracheal intubation may increase, 
causing ongoing prevalence despite the measures taken to minimize risks. As 
the understanding of the pathophysiology of subglottic/laryngotracheal stenosis 
has improved, techniques designed to minimize tissue damage have been devel-
oped, and the incidence of SGS associated with endotracheal intubation has 
decreased.

The true incidence of SGS specifically in premature infants is difficult to quan-
tify. Available series include all intubated neonates and fail to specify whether they 
are premature or term. Reported incidence of SGS in intubated neonates has 
decreased from 4 % in the early 1980s to 0.63 % in more recent series [20].

Fig. 5  Elliptical cricoid 
showing narrowed 
horizontal diameter  
of the subglottis

Fig. 6  Subglottic cysts can 
arise after even transient 
endotracheal intubation
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�Pathophysiology

Several factors combine to make to the level of the cricoid cartilage in the subglottis 
the site of the majority of instances of acquired LTS. The cricoid is the only com-
plete cartilaginous ring in the normal airway, thus eliminating the ability of the air-
way to dilate to reduce pressure on the mucosa and submucosa. Additionally, the 
cricoid is the narrowest portion of the infant airway, creating the greatest levels of 
hydrostatic pressure along a fixed-diameter endotracheal tube. Hydrostatic pressure 
exceeding capillary pressure creates relative ischemia and leads to mucosal and 
submucosal damage. Reduced thickness of submucosal tissue at the level of the 
cricoid also leads to early exposure of the perichondrium and subsequent increase 
in inflammation. In postmortem anatomical examinations of low birth weight 
infants, exposure of the perichondrium at the level of the cricoid is seen in as few as 
8 days in many specimens. Depth and size of mucosal scarring increases with the 
duration of intubation [21].

The same pathophysiological process of scar formation that leads to SGS frus-
trates attempts to surgically treat the condition. The increased scar deposition after 
mucosal trauma from intubation can also occur after endoscopic and open surgical 
treatment.

�Treatment

Tracheostomy is in most cases a successful treatment modality for subglottic steno-
sis, allowing normal feeding and providing a safe airway. It is associated with sig-
nificant morbidity and is generally not undertaken in infants under 2000g, as 
complications increase in smaller patients. The overarching goal of other modalities 
is to either prevent tracheostomy in the first place or allow decannulation. The 
majority of studies investigating these techniques define success as allowing for 
extubation while avoiding tracheostomy or allowing for decannulation.

The technique of dividing the cricoid ring to allow for expansion of the subglot-
tic airway dates to Réthi’s description in 1956, but was popularized by the descrip-
tion of the anterior cricoid split by Cotton and Seid [1]. This technique involves a 
midline division of the anterior cricoid lamina and first tracheal ring without graft 
placement. A stent, either an endotracheal tube in the nontracheotomized patient or 
an Aboulker or Rutter stent or Montgomery T-tube in a patient with previously 
placed tracheostomy, is left in place temporarily to allow for healing. In well-
selected patients without significant comorbidities, the success of this operation is 
quite good, with extubation/decannulation rates of approximately 70% [22]. Patients 
with a longer total period of preoperative intubation and with multiple medical or 
neurological comorbidities fare worse with success rates around 40–50 % [23].

The development by Cotton and colleagues of laryngotracheal reconstruction 
(LTR) in the 1970s led to improvement in outcomes by combining division of the 
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cricoid with placement of cartilage grafts harvested from the thyroid ala or costal 
cartilage. When compared with anterior cricoid split, LTR is more successful and 
reduces complications [24]. Success rates of up to 83 % are reported [25]. Outcomes 
of this procedure are worse in the setting of stenosis that extends superiorly to the 
glottis or supraglottis and in patients under 4 kg [26, 27].

Some evidence that single stage procedure (i.e., leaving an endotracheal tube in 
place postoperatively rather than a tracheostomy with a second procedure to decan-
nulate) is more likely to result in decannulation when controlling for severity of 
disease and previous surgery [28].

Before the development of open airway reconstruction techniques in the 1970s 
by Cotton and colleagues, the mainstay of treatment for SGS was serial anterograde 
rigid dilation (bougienage). This proved unsatisfactory and was rapidly supplanted 
in many cases by the newer open techniques. Shearing trauma to the mucosa inher-
ent to the technique of bougienage could induce inflammation and fibrosis and 
worsen stenosis. The adoption of balloon dilation coupled with newer endoscopic 
techniques has brought endoscopic treatment as a primary modality back to the 
forefront of treatment for SGS. Balloon dilation offers the benefit of circumferential 
compression that limits shearing forces and theoretically reduces mucosal damage 
and resulting in inflammatory response. As with previous dilation techniques, bal-
loon dilation typically requires multiple procedures to establish a durable improve-
ment in airway diameter as discussed below. This can be contrasted with open repair 
techniques which aim to establish an adequate airway with one procedure. Both 
techniques require close follow-up and serial bronchoscopy to ensure continued 
patency.

Early descriptions of the technique employed angioplasty balloon catheters 
under fluoroscopy [29]. Most surgeons currently performing the procedure currently 
employ bronchoscopic visualization for placement. More recently, noncompliant 
balloons able to deliver pressure directly to a stenotic segment without deformation 
have been developed and widely adopted. Reported success rates, as defined as 
avoidance of tracheostomy or decannulation, vary between 39 and 100 %. Studies 
with longer term follow-up report success of approximately 50–60 % [30–32].

There are currently no studies directly examining outcomes of rigid dilation ver-
sus balloon dilation. Published studies show similar success rates between the two 
techniques despite the theoretical advantages of balloon dilation detailed earlier 
[33]. As with other airway reconstruction techniques, overall patient numbers 
analyzed in these studies are limited enough to make meaningful statistical analysis 
difficult.

Outcomes of all endoscopic techniques are improved in the setting of acute, or 
evolving, stenosis. After the development of submucosal fibrosis, dilation is less 
successful in both the initial improvement in airway cross-sectional area and the 
durability of the improvement. Avelino et al. reported a 100 % success rate in acute 
stenosis, defined as stenosis treated 30 days after extubation or tracheostomy for 
failed extubation, versus 39 % for those treated more than 30 days after extubation 
or tracheotomy (Fig. 7).

﻿Airway Outcomes



190

Recently, techniques combining endoscopic cricoid (anterior, posterior, and 
anterior/posterior) splits with balloon dilation have been reported with good success 
rates [34]. It is possible that these combined techniques may lead to improved out-
comes over simple balloon dilation in chronic or congenital stenosis.

�Trachea

The most common cause of stridor arising from the trachea in infants is tracheoma-
lacia (TM) [35]. Tracheomalacia refers to a weakness of the structure of the trachea 
and can present variably depending on the location of the lesion. Most often, it is 
intrathoracic and causes expiratory wheeze and stridor that are particularly exacer-
bated by cough or Valsalva. The cough has a brassy quality; yet, collapse of the 
trachea during cough impedes effective airway clearance. If the malacic segment is 
extrathoracic, it can present as inspiratory or biphasic stridor. The terms “tracheo-
malacia” and “tracheobronchomalacia” are often used interchangeably in the litera-
ture, but the former can refer more precisely to disease that is isolated to the trachea 
and the latter to more widely distributed disease [36].

Tracheomalacia can be divided into primary and secondary types. Primary TM 
results from an inherent weakness of the tracheal framework and is commonly 
seen in otherwise normal premature infants [37]. It can also be associated with a 
number of conditions, including congenital abnormalities of the cartilage such as 
chondrodysplasia, polychondritis, and Ehlers-Danlos syndrome, the mucopolysac-
charidoses, trisomy 21, and tracheoesophageal fistulas as discussed below. Primary 
TM without other associated abnormalities is often a self-limited disease that often 
improves or resolves by 2 years of age and can be managed expectantly. In some 
children, it is severe enough, however, to require ongoing noninvasive positive 
pressure ventilation. Prematurity per se does not worsen outcomes in TM [37]; 
however, the course of the premature infant may be complicated by tracheomala-
cia. Primary TM associated with connective tissue disease is more likely to be 
problematic and require surgical intervention.

Fig. 7  An “early” or 
evolving stenosis. Note the 
translucence of the thin 
subglottic web. This was 
successfully treated with a 
single endoscopic procedure
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Currently available and used surgical interventions include tracheostomy, aorto-
pexy, and in some cases stenting. Tracheostomy allows for long-term positive pres-
sure ventilation that can address diffuse weakness and airway collapse. Aortopexy 
can provide relief in severe localized tracheomalacia without significant involve-
ment of the bronchi [38]. Although traditionally performed via thoracotomy, recent 
descriptions of successful thoracoscopic aortopexy may allow the procedure to be 
performed with less morbidity [39]. Other interventions such as airway stenting are 
used in some centers, but can lead to troublesome and sometimes dangerous granu-
lation tissue formation and bleeding along with the possibility of erosion of the 
airway by the stent.

Tracheomalacia is also nearly universally present to some degree in cases of 
tracheoesophageal fistula (TEF). Whether this should be considered a primary or 
secondary form is open to debate [40]. TM associated with TEF can persist with 
mild symptoms and increased frequency of cough and respiratory infection often 
occurring to the age of 5 years [41]. Prolonged cough and bacterial infections fol-
lowing usual childhood viruses are likely to be secondary to impaired cough clear-
ance, as the malacic segment cannot propel secretions upward.

Secondary tracheobronchomalaica (TBM), that is, malacia involving trachea and 
extending to the bronchi, can be caused by extrinsic compression, most commonly by 
vascular abnormalities, and also due to cardiac and skeletal abnormalities as well as 
solid masses such as tumors, cysts, and goiters. Secondary TBM can also be caused 
by damage to the tracheobronchial framework (Fig. 8). Premature infants that undergo 
prolonged intubation are particularly vulnerable to development of TBM. Ninety-six 
percent of infants diagnosed with secondary TBM in one series were former prema-
ture infants that had undergone prolonged endotracheal intubation. This same series 
also reported that premature infants were more likely (75 % vs. 39 %) to require tra-
cheostomy for treatment compared to their term peers [42] (Fig. 9).

Fig. 8  Tracheomalacia 
secondary to extrinsic 
compression from a double 
aortic arch
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�Summary

A wide array of anatomical and physiological abnormalities can lead to symptom-
atic upper airway of obstruction in the premature infant. Modern techniques have 
led to improved outcomes in this population, but management continues to be a 
challenge. Successful outcomes are contingent upon early identification of the 
site(s) and pathophysiology of obstruction, and this relies on close collaboration 
between neonatologists, pulmonologists, and airway surgeons.

Once the pathophysiology of the obstruction has been identified, treatment can 
be tailored to the patient. Milder cases are often self-limited with continued growth 
of the infant and can be treated with supportive care. More severe and even life-
threatening cases can require multiple complex surgical interventions over many 
years. Outcomes continue to improve as medical and surgical techniques are refined, 
but there remain significant challenges in maximizing survival and quality of life in 
the premature infant with airway obstruction.
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Pulmonary Hypertension 
in Bronchopulmonary Dysplasia

Steven H. Abman

�Introduction

As first characterized nearly five decades ago, bronchopulmonary dysplasia (BPD) 
was described as severe chronic respiratory disease with high mortality in relatively 
late-gestation preterm infants, as infants below 28 weeks gestation rarely survived 
in that era [1]. With surfactant therapy, improved ventilator care, more aggressive 
nutrition, and other interventions, the increases in survival of even the most imma-
ture newborns at gestational ages between 23 and 28 weeks have been remarkable 
[2–6]. However, these successes have not led to a reduction in the incidence of BPD, 
which remains a major problem, occurring in an estimated 10,000–15,000 infants 
per year in the USA alone [7]. Thus, developing novel approaches that target dis-
ease prevention or attenuating disease severity is of critical importance, as infants 
with established BPD require prolonged NICU courses, have frequent readmissions 
during the first 2 years after hospital discharge for respiratory infections, asthma, 
and related problems, and have persistent lung function abnormalities and exercise 
intolerance as adolescents and young adults [8].
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Although outcomes have improved since the late 1960s, pulmonary hyperten-
sion (PH) and related pulmonary vascular disease (PVD) continue to cause sig-
nificant morbidity and mortality in prematurely born children [1, 9–12]. Despite 
striking changes in the nature and epidemiology of BPD over time, PH continues 
to contribute significantly to high morbidity and mortality in BPD, and is present 
early in the course of disease [12–15]. Even the original descriptions of BPD 
noted striking pulmonary hypertensive vascular remodeling in severe cases, and 
that the presence of PH beyond 3 months of age was associated with high mortal-
ity (40 %; 11). Now, in the “postsurfactant era” or the “new BPD,” late PH con-
tinues to be strongly linked with poor survival [15] (Fig. 1). This chapter briefly 
discusses our current understanding and approach for PH management in preterm 
infants with BPD, including discussion of recent guidelines from the joint 
American Heart Association and American Thoracic Society report on the care of 
children with PH [16].
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Fig. 1  High mortality associated with late pulmonary hypertension (PH) in BPD. As illustrated in 
this schematic, mortality is higher in the severe PH group than BPD infants with lower levels of PH 
(Adapted from reference [15])
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�The Abnormal Pulmonary Circulation in BPD

The lung circulation in infants with BPD is characterized by abnormalities of vas-
cular tone and reactivity, structure, and growth, which include a reduction of small 
pulmonary arteries and a “dysmorphic” pattern of vessel branching within the lung 
interstitium [5, 9] (Fig. 2). Impaired vascular growth, or angiogenesis, is associated 
with disruption of alveolarization and reduces the alveolar–capillary surface area, 
which impairs gas exchange, increases the need for prolonged oxygen and ventila-
tor therapy, causes poor exercise tolerance, and increases the risk for developing PH 
[17–22].

Mechanisms that coordinate normal vascular growth and alveolarization during 
development or cause abnormal lung growth in BPD are poorly understood. 
Disruption of key signals between airway epithelium and endothelial cells can alter 
vascular and alveolar growth, resulting in decreased arterial and airspace develop-
ment. Experimental studies have shown that early antenatal or postnatal injury to 
the developing lung can impair angiogenesis, which further contributes to decreased 
alveolarization and simplification of distal lung airspace (the “vascular hypothesis” 
[23–25]). Angiogenic signaling pathways, including those involving vascular 

Pulmonary Vascular Disease in BPD
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Placental Dysfunction

Epigenetic and
Genetic Factors

Premature Birth
Incomplete vascular growth
Immature vascular function
Decreased antioxidant defenses

Decreased Growth
  Angiogenesis
  (Alveolarization)

Abnormal function
High vascular tone
Altered vasoreactivity
impaired metabolic function

Abnormal Structure
Smooth muscle cell and
fibroblast hyperplasia
Altered extracellular matrix

Lung Injury
Hyperoxia
Mechanical Ventilation
Infection
Inflammation
Hypoxia
Hemodynamics (PDA)

Fig. 2  Schematic illustration of the pathogenesis and pathobiology of pulmonary vascular disease 
in BPD (From reference [22])
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endothelial growth factor (VEGF) and nitric oxide are important mediators of nor-
mal pulmonary vascular development [25]. Disruption of vascular growth and sig-
naling markedly reduces alveolar–capillary surface area, which contributes to 
impaired lung diffusion capacity in BPD [26]. Placental overproduction of soluble 
VEGF receptor-1, which inhibits VEGF signaling, mainly causes maternal endo-
thelial dysfunction and plays a central role in the pathogenesis of pre-eclampsia 
and can impair pulmonary vascular growth in utero and throughout infancy, even 
without hyperoxia, mechanical ventilation, or other postnatal insults [27–30]. 
Intrauterine growth restriction is another condition that has been associated with 
the disruption of VEGF signaling [25, 31] and an increased risk for BPD and PH 
in preterm infants [32]. Thus, abnormalities of the lung circulation in BPD are not 
only related to the presence or absence of PH, but more broadly, PVD, after prema-
ture birth as manifested by decreased vascular growth and structure, also contrib-
utes to the pathogenesis and abnormal cardiopulmonary physiology of BPD.

These laboratory concepts have recently been demonstrated in a prospective 
clinical study in which early echocardiogram findings of PVD at day 7 of life was 
strongly associated with the subsequent diagnosis of BPD and poor respiratory 
outcomes [13]. Past clinical studies have suggested that sustained elevations of 
pulmonary artery pressure as assessed by serial echocardiograms may be associ-
ated with increased risk for BPD [13, 14, 33–36], supporting the hypothesis that 
PVD or PH in premature newborns may be an early clinical marker for predicting 
BPD. Early echocardiographic signs of PVD in preterm infants have now been 
associated with increased risk for both BPD and late PH as well as with pro-
longed oxygen treatment [13, 14]. Sustained evidence of elevated right ventricu-
lar pressure through the first week after birth may reflect early pulmonary vascular 
injury that increases risk for BPD.  Whether these changes are secondary to 
delayed transition to extrauterine life, injury due to excessive hemodynamic 
stress from PDA or other shunts as has been previously reported, or other forms 
of vascular injury remains to be determined. Understanding the drivers behind 
these early vascular changes will be crucial to developing novel intervention 
strategies to prevent both BPD and PH in these infants.

In addition to early hemodynamic indicators of PVD, clinical factors associ-
ated with late PH in most studies include lower gestational age, birth weight, and 
longer periods of respiratory support. Patent ductus arteriosus, infection, oligohy-
dramnios, small for gestational age, and low birth weight z-score have also been 
identified as risk factors for PH in infants born preterm. Further examination of 
clinical factors associated with PH, including prenatal risks, along with transla-
tional investigations and rigorous screening of infants, will help elucidate how 
these clinical factors impair normal pulmonary vascular development and lead to 
BPD and PH.

Early injury to the lung circulation leads to the rapid development of PH after 
premature birth. Abnormalities of the pulmonary circulation in BPD include 
increased vascular tone and vasoreactivity, hypertensive remodeling, and 
decreased growth. Physiological abnormalities of the pulmonary circulation in 
BPD include elevated PVR and abnormal vasoreactivity, as evidenced by the 
marked vasoconstrictor response to acute hypoxia [37]. Cardiac catheterization 
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studies have shown that even mild hypoxia can cause marked elevations in pul-
monary artery pressure in some infants with BPD, including infants with only 
modest basal elevations of PH [37]. Increased pulmonary vascular tone contrib-
utes to high PVR even in older children with BPD without hypoxia, suggesting 
that abnormal vascular function persists even late in the course [38].

Abnormal pulmonary vascular structure also contributes to high PVR due to 
increased smooth muscle cell hyperplasia and altered vascular compliance caused 
by increased production of an abnormal extracellular matrix. Growth of the distal 
lung circulation is impaired in infants with severe BPD, and decreased arterial 
growth reduces vascular surface area that further impairs gas exchange and 
increases the risk for the development of PH and impaired exercise capacity in 
older children. Prominent bronchial or other systemic-to-pulmonary collateral 
vessels were noted in early morphometric studies of infants with BPD, and can be 
readily identified in many infants during cardiac catheterization. Although these 
collateral vessels are generally small, large collaterals may contribute to signifi-
cant shunting of blood flow to the lung, causing edema and need for higher FiO2.

In addition, recent autopsy studies suggest the presence of striking intrapul-
monary anastomotic, or “shunt,” vessels that link the distal pulmonary and bron-
chial vessels, and may contribute to poor oxygenation [39]. Past clinical studies 
have further shown that metabolic function of the pulmonary vasculature is 
impaired in BPD, as reflected by the lack of pulmonary clearance of circulating 
norepinephrine during passage through the lung, which may contribute to left 
ventricular dysfunction and systemic hypertension [40]. Reduced vascular sur-
face area implies that even relatively minor increases in left-to-right shunting of 
blood flow through a patent foramen ovale, atrial septal defect (ASD), or patent 
ductus arteriosus may induce a far greater hemodynamic injury in infants with 
BPD than in infants with normal lung vascular growth.

Persistent abnormalities of pulmonary vascular growth and/or failure of the 
lung vasculature to “catch-up” to infants born at term may contribute to PVD that 
becomes increasingly symptomatic later in life. BPD infants have reduced pul-
monary diffusing capacity compared to age-matched term controls, suggesting 
that BPD infants have decreased alveolar surface area available for gas exchange 
[26]. These differences were also found in children at 11 years of age who had 
been born extremely preterm and in adult survivors of BPD. Thus, reduced arte-
rial number, structural abnormalities of the vessel wall, and abnormal vascular 
function, together with impairments in respiratory mechanics and cardiac func-
tion, can contribute to increased PVR and PVD in BPD, leading to significant 
morbidity and mortality.

�Diagnostic Approach to PH in BPD

PH is not only a marker of more severe BPD, but high PVR can also cause right 
ventricular dysfunction, impaired cardiac output, limited oxygen delivery, 
increased pulmonary edema, and possibly a higher risk for sudden death. Recent 
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studies suggest that between 15 and 25 % of preterm infants may develop echocar-
diogram signs of PH or PVD, which strongly relates to disease severity [8, 41, 42] 
(Fig. 3). Prospective data regarding the precise incidence and natural history of PH 
in BPD are relatively limited, and most information on diagnostic and therapeutic 
strategies are based on clinical observations, rather than rigorous, randomized 
clinical trials.

In general, it is recommended that early echocardiograms be obtained for the 
diagnosis of PH in preterm infants with severe RDS who require high levels of ven-
tilator support and supplemental oxygen, especially in the setting of oligohydram-
nios and intrauterine growth restriction (IUGR) ([16]; Table 1; Fig. 4). Infants with 
more severe prematurity (<26 weeks) are at highest risk for late PH, and infants with 
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Fig. 3  Relationship of pulmonary hypertension to severity of BPD. As shown, three distinct stud-
ies show that the incidence of PH by echocardiogram is highest in infants with severe BPD (From 
reference [22])

Table 1  Diagnostic approach to infants with pulmonary hypertension in BPD

Evaluation of underlying lung disease

 � Prolonged monitoring of O2 (awake, asleep, feeds)
 � PaCO2 contribution to PH or marker of disease severity, need for chronic (effective) 

ventilation?
 � Chronic aspiration (barium swallow, swallowing study, pH probe, impedance study)
 � Sleep study
 � Structural airway disease: flexible bronchoscopy
 � Reactive airway disease
 � Chest CT scan
Cardiac catheterization
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a particularly slow rate of clinical improvement, as manifested by persistent or  
progressively increased need for high levels of respiratory support, should be 
assessed for PH. In the setting of established BPD, preterm infants, who, at 36 weeks 
postconceptual age, still require positive pressure ventilation support, are not wean-
ing consistently from oxygen, have oxygen needs at levels disproportionate to their 
degree of lung disease, or have recurrent cyanotic episodes warrant screening for PH 
or related cardiovascular sequelae. Other clinical markers often associated with 
more severe disease include feeding dysfunction and poor growth, recurrent hospi-
talizations, and elevated PaCO2. High PaCO2, is a marker of disease severity and 
reflects significant airways obstruction, abnormal lung compliance with heteroge-

Severe respiratory
disease and /or signs and
symptoms of pulmonary
hypertension at any age

Determination of BPD
Severity at 36 Weeks PCA1

Moderate or Severe BPDNo or Mild
BPD

Continued Clinical
Monitoring2

PH absent:
RVSP < 40 mm Hg or

undetectable TRJV without
septal or RV abnormalities

Continue BPD therapy.
Screening ECHO q4-6 mos.

as long as O2 required

ECHO measures
of PH improve

Continue BPD therapy.
repeat ECHO q2-4 mos.
as long as O2 required

Cardiac Catheterization
to evaluate PH and

associated abnormalities4

ECHO measures
of PH fail to improve

Repeat echocardiogram

Perform Screening ECG
and Echocardiogram

Severe PH
RVSP > 40 mm Hg and

RVSP/ssBP <2/3 or
Severe septal flattening

PH present; mild or moderate
RVSP > 40mm Hg

and RVSP/ssBP <2/3 or Mild
to moderate septal flattening

1. Optimize gas exchange
2. Target saturations > 94%
3. Extensive diagnostic evaluation
and treatment of contributing
abnormalities3

Fig. 4  Algorithm suggesting a clinical strategy for applying echocardiograms in the care of 
infants with BPD (From reference [22])
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neous parenchymal disease, or reduced surface area, and is an indication for PH 
screening. Another strategy would be to use echocardiograms to screen every patient 
at 36 weeks of age who is diagnosed with moderate or severe BPD, but how often 
clinically significant PH would be missed in patients with milder BPD is uncertain.

Serial electrocardiograms have inadequate sensitivity and positive predictive 
value for identification of right ventricular hypertrophy (RVH) as a marker of 
PH. As a result, obtaining serial echocardiograms for screening for PH in patients 
with BPD is generally recommended. Estimated systolic pulmonary artery pres-
sure (sPAP) derived from the tricuspid regurgitant jet (TRJV) measured by echo-
cardiogram has become one of the most utilized findings for evaluating PH. Past 
studies have shown excellent correlation coefficients (r values between 0.93 and 
0.97) when compared with cardiac catheterization measurements in children < 
2 years old with congenital heart disease [43]. However, these studies evaluated 
echocardiogram and cardiac catheterization performed simultaneously under the 
same hemodynamic conditions, and the utility of echocardiograms in predicting 
disease severity as applied in the clinical setting is less clear.

The utility of echocardiogram assessments of PH in infants with BPD has been 
compared with subsequent cardiac catheterization measurements of pulmonary 
artery pressure [44]. Systolic PAP could be estimated in only 61 % of studies, and 
there was poor correlation between echocardiogram and cardiac catheterization 
measures of sPAP in these infants. Echocardiogram estimates of sPAP correctly 
identified the presence or absence of PH in 79 % of these studies, but the severity 
of PH was correctly assessed in only 47 % of those studies. Seven of 12 children 
(58 %) without PH by echocardiogram had PH during subsequent cardiac cathe-
terization. In the absence of a measurable TRJV, qualitative echocardiogram find-
ings of PH, including right atrial enlargement, right ventricular hypertrophy, right 
ventricular dilation, pulmonary artery dilation, and septal flattening, either alone 
or in combination have relatively poor predictive value. Factors associated with 
chronic lung disease, specifically marked pulmonary hyperinflation, expansion of 
the thoracic cage, and alteration of the position of the heart, adversely effect the 
ability to detect and measure TRJV. As used in clinical practice, echocardiogra-
phy often identifies PH in infants with BPD, but estimates of sPAP were not 
obtained consistently and were often not reliable for determining disease severity. 
Other measures of right ventricular strain and PH, including AT/ET ratio and the 
Tei index, could be helpful in the absence of a measurable TRJV, but have not 
been fully evaluated in infants with BPD. Despite its limitations, echocardiogra-
phy remains the best available screening tool for PH in BPD patients.

In patients with PH by echocardiogram, we generally recommend cardiac 
catheterization for patients with BPD who: (1) have persistent signs of severe 
cardiorespiratory disease or clinical deterioration not directly related to airways 
disease; (2) are suspected of having significant PH despite optimal management 
of their lung disease and associated morbidities; (3) are candidates for chronic PH 
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drug therapy; (4) have unexplained, recurrent pulmonary edema; or (4) respond 
poorly to PAH-targeted therapies (Table 2).

The goals of cardiac catheterization are to: assess the severity of PH; exclude 
or document the severity of associated anatomical cardiac lesions; define the 
presence of systemic–pulmonary collateral vessels; pulmonary venous obstruc-
tion; or left heart dysfunction; and to assess pulmonary vascular reactivity in 
patients who fail to respond to oxygen therapy alone (Table 2). Other critical 
information can be acquired during cardiac catheterization that may significantly 
aid in the management of infants with BPD.  In particular, assessment of shunt 
lesions, especially atrial septal defects; the presence, size, and significance of 
bronchial or systemic collateral arteries; determining the presence of pulmonary 
artery stenosis; and structural assessments of the pulmonary arterial and venous 
circulation by angiography, including pulmonary vein stenosis, are among sev-
eral key factors that may affect cardiopulmonary function [45].

Most importantly, elevated pulmonary capillary wedge or left atrial pressure 
may signify left-sided systolic or diastolic dysfunction. LV diastolic dysfunction 
can contribute to PH, recurrent pulmonary edema, or poor iNO responsiveness in 
infants with BPD, and measuring changes in PCWP and LAP during acute vaso-
reactivity testing may help with this assessment. In addition to high pulmonary 
vascular tone, abnormal vasoreactivity, hypertensive vascular remodeling, 
decreased surface area, and left ventricular diastolic dysfunction (LVDD) can 
also contribute to high pulmonary artery pressure in infants with BPD [46]. Up to 
25 % of BPD infants with PH who were evaluated by cardiac catheterization had 
hemodynamic signs of LVDD in one retrospective study [47]. Some infants with 
LVDD present with persistent requirements for frequent diuretic therapy to treat 
recurrent pulmonary edema, even in the presence of only mild PH.

Table 2  Guidelines for PH management in BPDa

Screening for PH by echocardiogram is recommended in infants with established BPD (Class 
I, Level B)
Evaluation and treatment of lung disease, including assessments for hypoxemia, aspiration, 
structural airways disease, and the need for changes in respiratory support, is recommended in 
infants with BPD and PH before initiation of PAH-targeted therapy (Class I, Level B)
Evaluation for chronic therapy for PH in infants with BPD should follow recommendations for 
all children with PH and include cardiac catheterization to diagnose disease severity and 
potential contributing factors such as LV diastolic dysfunction, anatomical shunts, pulmonary 
vein stenosis, and systemic collaterals (Class I, Level B)
Supplemental oxygen therapy is reasonable to avoid episodic or sustained hypoxemia and with 
the goal of maintaining O2 saturations between 92 and 95 % in patients with established BPD 
and PH (Class IIa, Level C)
PAH-targeted therapy can be useful for infants with BPD and PH on optimal treatment of 
underlying respiratory and cardiac disease (Class IIa, Level C)

aFrom reference [16]
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�Treatment of PH in BPD

The initial clinical strategy for the management of PH in infants with BPD begins 
with treating the underlying lung disease. This includes an extensive evaluation for 
chronic reflux and aspiration, structural airway abnormalities (such as tonsillar and 
adenoidal hypertrophy, vocal cord paralysis, subglottic stenosis, tracheomalacia, 
and other lesions), assessments of bronchoreactivity, improving lung edema and 
airway function, and others. Periods of acute hypoxia, whether intermittent or pro-
longed, are common causes of late PH in BPD (Tables 1 and 2). Brief assessments 
of oxygenation (“spot checks”) are not sufficient for decisions on the level of sup-
plemental oxygen needed. Targeting oxygen saturations to 92–95 % should be suf-
ficient to prevent the adverse effects of hypoxia in most infants, without increasing 
the risk of additional lung inflammation and injury. A sleep study may be necessary 
to determine the presence of noteworthy episodes of hypoxia and whether hypox-
emia has predominantly obstructive, central, or mixed causes.

Additional studies that may be required include flexible bronchoscopy for the 
diagnosis of anatomical and dynamic airway lesions (such as tracheomalacia) 
that may contribute to hypoxemia and poor clinical responses to oxygen therapy. 
Upper gastrointestinal series, pH or impedance probe, and swallow studies may 
be indicated to evaluate for gastroesophageal reflux and aspiration that can con-
tribute to ongoing lung injury. For patients with BPD and severe PH who fail to 
maintain near-normal ventilation or require high levels of FiO2 despite conserva-
tive treatment, consideration should be given to chronic mechanical ventilatory 
support. Despite the growing use of pulmonary vasodilator therapy for the treat-
ment of PH in BPD, data demonstrating efficacy are extremely limited, and the 
use of these agents should only follow thorough diagnostic evaluations and 
aggressive management of the underlying lung disease. Current therapies used 
for PH therapy in infants with BPD generally include inhaled NO, sildenafil, 
endothelin-receptor antagonists (ERA), prostacyclin analogs, and calcium chan-
nel blockers.

Inhaled nitric oxide (iNO) causes selective pulmonary vasodilation and 
improves oxygenation in infants with established BPD [38, 48] (Table 3). 
Although long-term iNO therapy has been used in BPD infants, especially for 
those who require continued mechanical ventilator support, efficacy data are not 
available. Although iNO for PH therapy is often initiated at doses of 10–20 ppm, 
most patients subsequently tolerate weaning of the iNO dose below 10 ppm. The 
lower dose may further enhance ventilation–perfusion matching, allowing for 
better oxygenation at lower FiO2, whereas higher doses (20  ppm) may further 
enhance pulmonary hemodynamics.

Sildenafil, a highly selective type 5 phosphodiesterase (PDE-5) inhibitor, aug-
ments cyclic GMP content in vascular smooth muscle, and has been approved for 
adults with PH alone and in combination with standard treatment regimens. 
Studies of sildenafil therapy in children with PH have been limited, but include a 
demonstration of its efficacy in the treatment of persistent PH of the newborn [49] 
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Table 3  PAH-targeted drug therapies for children

Drug class Drug and dosing Adverse effects Comments

Anticoagulation Warfarin (dosage to 
generally target INR 
between 1.5 and 2.0)

Bleeding 
complications, 
difficulty 
maintaining INR at 
target range

Use in children before 
walking well or with 
developmental or 
neurological problems 
increases risk for serious 
bleeding

Calcium channel 
blockers

Nifedipine (starting 
dose: 0.1–0.2 mg/kg 
PO daily)
Diltiazem (starting 
dose: 0.3–0.5 mg/kg 
PO daily)
Amlodipine (starting 
dose: 0.1–0.3 mg/kg 
PO daily)

Bradycardia, 
hypotension
Decreased cardiac 
function
Peripheral edema
Rash, gum 
hyperplasia, 
constipation

Urge cautious use with 
close monitoring, 
especially with drug 
initiation, in infants and 
young children with 
suspected cardiac 
(especially RV) 
dysfunction; most 
strongly supported if 
children shown to have 
positive testing for acute 
vasoreactivity during 
cardiac catheterization.

NO-cGMP pathway Inhaled NO: 
5–20 ppm

Rebound with drug 
withdrawal

Higher doses (>5–
10 ppm) may worsen 
V–Q matching in setting 
of lung disease

Sildenafil: starting 
dose for infants 
<1 year: 0.5–1 mg/kg 
three times daily PO; 
Dosage by body 
weight:
 � <20 kg: 10 mg 

three times daily
 � >20 kg: 20 mg 

three times daily;
Tadalafil (starting 
dose: 0.5–1 mg/day)

Headache, nasal 
congestion, flushing, 
agitation, 
hypotension, 
hypoxemia, 
priapism, potential 
for visual changes or 
hearing loss.

Avoid higher doses in 
children due to report of 
increased mortality in 
STARTS-2 study in 
young children with 
IPAH (ref. [11]); FDA 
urges caution and close 
monitoring of its use. 
EMA supports use in 
children, but with lower 
dose range.
Limited experience with 
tadalafil in younger 
children, often switch 
from sildenafil after 
stable period of time.

(continued)
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Table 3  (continued)

Drug class Drug and dosing Adverse effects Comments

Endothelin blockade Bosentan (dual ETA 
and ETB receptor 
inhibitor): starting 
dose is half of 
maintenance dose, 
which is based on 
body weight:
 � <10 kg: 2 mg/kg 

PO BID
 � 10–20 kg: 

31.25 mg PO BID
 � >20–40 kg: 62.5 

PO BID
 � > 40 kg: 125 PO 

BID
Ambrisentan (ETA 
inhibitor): 5–10 mg 
PO daily

Hepatotoxicity
HCG and pregnancy 
test required per age
Fluid retention
Teratogenicity

Requires liver function 
testing monthly
Growing experience in 
children for bosentan, 
but extremely limited 
published experience for 
ambrisentan in young 
children

Prostacyclin analogs Epoprostenol (Flolan; 
Veletri-
(thermostable): 
continuous iv 
infusion, starting 
dose: 1–2 ng/kg/min 
iv, with incremental 
increases as tolerated 
and ongoing changes 
due to tachyphylaxis; 
typical dose is 
50–80 ng/kg/min
Treprostinil 
(Remodulin): iv or 
subcutaneous: 
starting dose is 2 ng/
kg/min, with 
incremental increases 
over time to achieve 
or sustain benefit; 
Inhaled and oral 
forms available and 
under investigation as 
well
Iloprost (intermittent 
inhalation) – initially 
2.5 ug dose, increase 
to 5 ug, as tolerated; 
usually requires 6–9 
inhalations daily

Hypotension
Flushing
Diarrhea
Jaw pain
Central line 
complications 
(sepsis)
Rebound PH if 
stopped suddenly
Can cause high 
cardiac output 
syndrome
Half-lives: 
epoprostenol, short 
(2–5 min), and 
Flolan requires 
cooling; treprostinil, 
longer (4–5 h) and 
stable in room 
temperature
Flushing, headache 
common
Can cause cough, 
wheeze

Ventilation–perfusion 
mismatch may 
complicate use in setting 
of lung disease;
Nonselective vasodilator, 
can cause systemic 
hypotension
Subcutaneous route 
causes site pain, but 
usually manageable
Pretreatment with 
inhaled bronchodilators 
or steroid can attenuate 
respiratory side effects
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and its safety and possible efficacy during long-term therapy in older children 
with PH [50]. By prolonging cGMP levels during iNO-induced vasodilation, 
PDE-5 inhibitors may be useful to augment the response to iNO therapy or to 
prevent rebound PH after abrupt withdrawal of iNO. In a study of 25 infants with 
chronic lung disease and PH (18 with BPD), prolonged sildenafil therapy, as part 
of an aggressive program to treat PH, was associated with improvement in PH by 
echocardiogram in most (88  %) patients without significant rates of adverse 
events [51]. Although the time to improvement was variable, many patients were 
able to wean off mechanical ventilator support and other PH therapies, especially 
iNO, during the course of sildenafil treatment without worsening of PH. The rec-
ommended starting dose for sildenafil is 0.5 mg/kg/dose every 8 hours, and sys-
temic blood pressure should be closely monitored. If there is no evidence of 
systemic hypotension, this dose can be gradually increased over 2  weeks to 
achieve desired pulmonary hemodynamic effect or a maximum of 2 mg/kg/dose 
every 8 hours.

Bosentan, a nonselective ET receptor antagonist, is commonly used in older 
patients with PH. A retrospective study suggested that bosentan may be safe and 
effective for the treatment of PH in children as young as 9 months [52], but data 
are limited to case reports regarding its use in BPD infants. Monthly liver func-
tion testing is required to monitor for hepatotoxicity.

Calcium channel blockers (CCB) benefit some patients with PH, and short-
term effects of CCB in infants with BPD have been reported [53, 54]. Nifedipine 
can acutely lower pulmonary artery pressure and PVR in children with BPD; 
however, some patients were acutely hypoxemic during in this study, and the 
effects of nifedipine on pulmonary artery pressure were not different from the 
effects of supplemental oxygen alone. In comparison with an acute study of iNO 
reactivity in infants with BPD, the acute response to CCB was poor, and some 
infants developed systemic hypotension [38]. Concerns persist that young infants 
with PH, especially with evidence of impaired myocardial contractility, may 
worsen with CCB therapy, and caution is urged, especially with the initiation of 
CCB therapy [15]. The use of sildenafil or bosentan for chronic therapy of PH in 
infants with BPD is generally favored over CCB therapy [15].

Intravenous prostacyclin analogs (PGI2; epoprostenol, treprostinil) therapy has 
been used extensively in older patients with severe PH, and has been shown to 
improve survival of patients with advanced disease. PGI2 has been used in some 
infants with BPD and late PH, but concerns regarding its potential to worsen gas 
exchange due to increased ventilation–perfusion mismatching in the setting of 
chronic lung disease and systemic hypotension have limited its use in this setting. 
Subcutaneous infusions of treprostinil may be safe and effective in infants with 
severe BPD, but concerns persist regarding the potential for worsening oxygen-
ation [55]. Although iloprost, another stable PGI2 analog, is available for inhala-
tional use, the need for frequent treatments (6–8 times daily) and occasional 
bronchospasm may be significant factors restricting its use in the setting of BPD.

Currently, there is limited evidence on how long these therapies need to be 
continued [41, 51]. If PH gradually resolves with lung growth as expected, the 
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medications may be either gradually tapered off, or the infant allowed to “out-
grow the dose” before discontinuation of PH-targeted drugs. In addition to close 
monitoring of pulmonary status, infants with BPD and PH should be followed by 
serial echocardiograms, which should be obtained at least every 2–4 weeks with 
the acute initiation of therapy and at 4–6  month intervals with stable disease. 
Abrupt worsening of PH may reflect several factors, including the lack of compli-
ance with oxygen therapy or medication use, but can be related to the progressive 
development of pulmonary vein stenosis or veno-occlusive disease). Some infants 
with resolved PH have signs and echocardiogram findings of worsening during 
acute viral infection. With these infants, PAH-targeted drug therapy is generally 
initiated and continued until serial echocardiograms show resolution of disease. 
Concurrent use of brain natriuretic peptide (BNP) or NT-pro-BNP may further 
aid clinical decision-making, but do not specifically diagnose PH, or should be 
used to direct therapy in isolation from clinical and echocardiogram findings.

Repeat cardiac catheterization may be indicated for patients being treated for 
PH with vasodilator therapy who experience clinical deterioration, worsening PH 
by echocardiogram, or when echocardiogram measurements fail to provide ade-
quate hemodynamic assessment of sicker patients. We recommend weaning med-
ications with serial normal or near-normal echocardiogram findings, and that the 
addition of biomarkers, such as pro-NT brain natriuretic peptide levels, may be 
useful for long-term follow-up.

�Conclusions

In summary, PVD and PH contribute to the pathophysiology and cardiorespiratory 
outcomes of infants with BPD. Data are extremely limited regarding many aspects 
of the care of PH in BPD, including the need to learn more about its natural history 
and prevalence, mechanisms that cause PH or contribute to progressive disease, and 
the relative risks and benefits of current therapeutic strategies. Although new thera-
pies are now available for the treatment of PH, their role in the clinical care of 
severe BPD and improving long-term outcomes requires more thorough investiga-
tion. Finally, strategies that specifically target the preservation of endothelial sur-
vival and function may also lead to novel approaches for the prevention of BPD and 
late PH.
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Infection and Inflammation: Catalysts 
of Pulmonary Morbidity 
in Bronchopulmonary Dysplasia

Phillip S. Wozniak, Mohannad Moallem, and Pablo J. Sánchez

�Introduction

Despite improvements in the care of preterm infants with gentler ventilation tech-
niques, antenatal glucocorticoid therapy, and surfactant treatment, bronchopulmo-
nary dysplasia (BPD) remains a major public health problem worldwide. BPD, as 
defined by the need for supplemental oxygen at 36 weeks’ postmenstrual age [1–3], 
is the most frequent pulmonary morbidity among survivors of prematurity—a 
chronic lung condition that affects more than 10,000 premature infants in the United 
States alone each year [4, 5]. Before the surfactant era, BPD was primarily a struc-
tural injury of the preterm lung characterized by decreased alveolarization and sur-
face area, alternating atelectasis with hyperinflation, pulmonary lesions, and fibrosis 

P.S. Wozniak, BA
Department of Pediatrics, Division of Neonatology, Nationwide Children’s Hospital – The 
Ohio State University, Columbus, OH, USA

Nationwide Children’s Hospital – The Ohio State University, Center for Perinatal Research, 
The Research Institute at Nationwide Children’s Hospital, 700 Children’s Drive, RB3, 
WB5245, Columbus, OH 43205-2664, USA 

M. Moallem, MD
Department of Pediatrics, Division of Neonatology, Nationwide Children’s Hospital – The 
Ohio State University, Columbus, OH, USA

P.J. Sánchez, MD (*)
Department of Pediatrics, Division of Neonatology, Nationwide Children’s Hospital – The 
Ohio State University, Columbus, OH, USA 

Pediatric Infectious Diseases, Nationwide Children’s Hospital – The Ohio State University, 
Columbus, OH, USA 

Nationwide Children’s Hospital – The Ohio State University, Center for Perinatal Research, 
The Research Institute at Nationwide Children’s Hospital, 700 Children’s Drive, RB3, 
WB5245, Columbus, OH 43205-2664, USA
e-mail: Pablo.Sanchez@nationwidechildrens.org

mailto:Pablo.Sanchez@nationwidechildrens.org


216

[6]. Today, BPD represents a developmental arrest of the preterm lung with interrup-
tion of the pulmonary septation, alveolarization, and vascularization during the sac-
cular and alveolar stages of lung development [7].The result is a lung with fewer, 
larger alveoli and a corresponding decrease in surface area available for gas exchange.

The 2014 National Institutes of Health Heart, Lung, and Blood Institute workshop 
on prevention of BPD identified six possible causative factors associated with BPD: 
structurally and biochemically immature lungs, hyperoxia and oxidant injury, mechan-
ical injury associated with positive pressure respiratory support, poor respiratory drive 
and apnea, poor nutrition, and importantly, infection and inflammation [5]. Any or all 
of these factors, possibly in concert with genetic predisposition or epigenetic factors, 
could contribute to its occurrence, even though recent genome-wide association stud-
ies (GWAS) failed to identify any specific loci associated with moderate to severe 
BPD [8, 9]. Clearly, the pathophysiology of BPD is complex and likely multifactorial, 
but a central role for pulmonary inflammation seems critical to its development.

�Antenatal Infection and Inflammation

There is a substantial body of literature associating “chorioamnionitis” with the 
development of BPD, with recent meta-analyses demonstrating odds ratios of 3.0 
and 2.2 for the occurrence of BPD at 28 days of age and 36 weeks postmenstrual 
age, respectively [10]. How chorioamnionitis contributes to the development of 
BPD, however, remains a topic of ongoing debate.

Chorioamnionitis is diagnosed often as symptomatic maternal disease with intra-
partum fever in association with clinical and laboratory signs of infection or inflam-
mation, but more appropriately, by histopathology [11]. The so-called histological 
chorioamnionitis can be acute or chronic based on neutrophilic or lymphocytic infil-
tration of the fetal membranes, respectively. Both neutrophils and lymphocytes may 
be of either maternal or fetal origins [12]. Unlike acute cases, chronic chorioamnio-
nitis has both cellular (innate) and humoral (adaptive) immune responses, which 
could indicate maternal antibody-mediated antifetal rejection that has been associ-
ated with preterm birth [13]. The suggestion by Goldenberg et al. [14] that intrauter-
ine infection and/or inflammation accounts for up to 90 % of preterm births before 
28  weeks’ gestation lends credence to the theory that predisposition of preterm 
infants to BPD may occur in utero.

Ureaplasma parvum and Ureaplasma urealyticum, both genital mycoplasmas, 
are the most common bacteria isolated from placentas with histological chorioam-
nionitis as well as from amniotic fluid [15, 16, 17]. These organisms are typically of 
low virulence, and thus capable of producing a chronic infection of the uterine cav-
ity and fetal compartment [14, 18]. In fact, neonatal colonization with Ureaplasma 
spp. has been associated with chorioamnionitis [19].

Prospective cohort studies have associated Ureaplasma colonization with the 
development of BPD [20, 21]. Respiratory tract colonization with Ureaplasma spp. 
occurs in 28–33 % of infants with birth weight <1500 g, and among those < 26 weeks’ 
gestation, as many as 65  % of infants are culture-positive or polymerase chain 
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reaction (PCR)-positive for Ureaplasma spp. at least once in the first month of age 
[22]. Ureaplasma colonization increases with decreasing gestational age, a finding 
that correlates with the risk of developing BPD [23].

Several mechanisms for the association of Ureaplasma colonization of preterm 
infants and BPD have been proposed. The ability of Ureaplasma spp. to hydrolyze 
urea as their sole source of energy results in the generation of ammonium ions that 
interact with lung water to form ammonium hydroxide and potentially result in 
mucosal/epithelial injury and inflammation [24]. However, the major virulence fac-
tor that has been identified experimentally is the Ureaplasma multiple banded anti-
gen (MBA), a surface-exposed lipoprotein [22]. Ureaplasma spp. have been shown 
to evade the host immune response by varying the size of MBA and mba gene [22, 
24]. Both MBA and mba gene size variants have been detected in infected sheep 
amniotic fluid and fetal lung, and the size variation also has correlated with the 
severity of chorioamnion inflammation.

Clearance of Ureaplasma species from the lung also appears to be dependent on 
local host immune response mediators, such as surfactant protein-A (SPA) [15]. 
Okugbule-Wonodi et  al. [25] demonstrated that SPA increased phagocytosis and 
killing of Ureaplasma spp. by macrophages. In a mouse model, SPA-deficient mice 
showed delayed clearance of Ureaplasma from the lungs, increased inflammatory 
cells, and increased proinflammatory cytokine expression [26]. These findings are 
particularly relevant for preterm infants who lack robust immune responses and 
endogenous SPA production in the first 48 h of age.

�Does Chorioamnionitis Cause BPD?

Intra-amniotic inflammation (IAI) secondary to histological chorioamnionitis can 
result in premature maturation of the fetal lung that is mediated by such proinflam-
matory cytokines as interleukin (IL)-1α, IL-1β, IL-6, IL-8, and tumor necrosis fac-
tor (TNF)-α. These can act directly on fetal lung cells, including the Type II alveolar 
cells that produce surfactant [27, 28]. In rabbits, Bry et al. [29] demonstrated that 
IL-1α enhanced messenger RNA transcription of both surfactant proteins and lipids 
resulted in improved lung compliance [12, 29]. Although the proinflammatory cyto-
kines protected against the development of respiratory distress syndrome (RDS), 
the fetal inflammation has been associated subsequently with increased incidence of 
BPD [12, 27, 30, 31].

While the signaling pathways responsible for lung development have been well 
characterized, the effects of chorioamnionitis and/or antenatal inflammation on 
those pathways have not [32, 33]. Bacterial antigens such as lipopolysaccharide can 
cause altered distribution of elastin, the mesenchymal structural protein responsible 
for proper septation of the lung [12, 34, 35]. Intra-amniotic inflammation also can 
cause dysregulation of critical growth factors necessary for lung development. 
Fibroblast growth factor (FGF)-10 expression is inhibited by nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB), the major proinflamma-
tory signaling pathway stimulated by IL-1 and TNF-α [36, 37]. FGF-10 plays a key 
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role in lung branching morphogenesis, remodeling, repair, and regeneration [12, 
38]. Inhibition or dysregulation of these key functions as a consequence of histo-
logical chorioamnionitis or inflammation has resulted in a lung condition in animals 
that is similar to BPD in humans [35].

The effects of antenatal inflammation are not limited to the developing airway. 
The developing pulmonary vasculature also is susceptible to adverse remodeling 
due to antenatal inflammation, limiting the capacity for gas exchange in the preterm 
lung. Antenatal inflammation can inhibit vascular endothelial growth factor (VEGF), 
angiopoietin-1, transforming growth factor-β (TGF-β), endoglin, connective tissue 
growth factor (CTGF), endothelial nitric oxide synthase (eNOS), platelet endothe-
lial cell adhesion molecule-1 (PECAM-1), and VEGF-receptor 2 (VEGF-R2) [12, 
39, 40]. In addition, antenatal inflammation can cause smooth muscle hypertrophy 
in the pulmonary vasculature, predisposing to pulmonary hypertension that is a 
major complication of BPD [12, 39]. VEGF is responsible for the regulation of 
eNOS, which plays a crucial role in the regulation of pulmonary vascular tone and 
modulation of pulmonary vascular development. PECAM-1 and VEGF-R2 are 
essential for proper development of pulmonary endothelial cells [39].

It seems clear that antenatal inflammation alone has the potential to cause both 
impaired alveolarization and reduced development of the pulmonary vasculature 
leading to the development of BPD in some at-risk preterm infants, even in the 
absence of mechanical ventilation [39, 41]. However, other indirect mechanisms 
linking chorioamnionitis and/or inflammation to BPD may be involved.

�Does Chorioamnionitis Make the Lung Susceptible to BPD?

Exposure of the preterm fetus to chorioamnionitis may result in a systemic fetal 
inflammatory response syndrome (FIRS) with activation of the innate immune sys-
tem [42, 43] and manifested by histological chorioamnionitis with funisitis and 
increased umbilical cord blood concentrations of proinflammatory cytokines [42]. 
Such infants have a decreased clinical response to exogenous surfactant, more fre-
quent use of exogenous surfactant, increased need for mechanical ventilation, lon-
ger time to extubation, longer supplemental oxygen use, and more frequently 
develop BPD [43, 44, 45].

Mechanical factors also contribute to the development of BPD. Hillman et al. [46] 
showed that as few as six breaths at high tidal volumes were sufficient to eliminate the 
surfactant response in fetal sheep. Furthermore, 15 min of ventilation at escalating tidal 
volumes has been associated with a substantial inflammatory response in the preterm 
lung that is characterized by production of multiple classes of cytokines and other 
proinflammatory markers, increased mRNA for IL-1β and IL-6, increased inflamma-
tory cell infiltrates, increased alveolar wall thickening, and decreased alveolar expan-
sion, with a concomitant delayed or deficient release of the anti-inflammatory cytokine, 
IL-10 [47, 48]. Of note, stretch injury overlapped consistently with the maturational 
effects induced by chorioamnionitis and prolonged LPS exposure in utero [46].
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Supplemental oxygen supplied to the preterm infant, whether by mechanical venti-
lation or other support measures, such as continuous positive airway pressure (CPAP) 
or nasal cannula, also has injurious effects on the preterm lung by inducing an inflam-
matory response [45]. This inflammation stimulates the activity of VEGF and causes 
breakdown of the alveolar–capillary barrier, vascular leakage, introduction of proin-
flammatory mediators, pulmonary edema, and, ultimately, endothelial apoptosis [45, 
49]. An animal study of hyperoxia-induced BPD in preterm rabbits identified 2217 
dysregulated pathophysiological pathways affecting inflammation, vascular develop-
ment, and reactive oxygen species (ROS) metabolism [50]. Because antioxidant 
defense do not develop until much later in gestation, preterm infants receiving high 
concentrations of oxygen are particularly susceptible to ROS-mediated injury [51, 52].

Antenatal inflammation due to chorioamnionitis also has been linked to the 
development of BPD through immune tolerance due to the preterm lung’s structural 
immaturity and the preterm infant’s immature immune system [12, 53]. Several 
in vitro and animal studies have indicated that intrauterine endotoxin/LPS exposure 
can downregulate immune responses akin to tolerance [54–57]. LPS-induced 
immune paralysis may be caused by reduced expression of major histocompatibility 
complex II (MHC) antigen on fetal blood monocytes and increased expression of 
the immunosuppressive cytokines, IL-10 and TGF-β [12, 57].

Repeated exposure to LPS in Ureaplasma-infected fetal sheep induces both 
endotoxin tolerance and tolerance of other toll-like receptor (TLR) agonists [55]. 
Since TLRs are major activators of the immune system, cross-tolerance of toll-like 
agonists may enhance immune suppression in the preterm infant and increase the 
vulnerability to a “second hit”—sepsis, ventilator-mediated injury, or hyperoxia 
[12, 55]. On the other hand, Kramer and Jobe [56] hypothesized that this immuno-
suppressive fetal response may be an advantageous adaptation to chronic exposure 
to chorioamnionitis that prevents more serious inflammation-mediated lung injury. 
Indeed, Kallapur et al. [58] lent weight to this theory when they showed that chronic 
exposure to intra-amniotic endotoxin did not lead to progressive lung injury and 
extensive structural abnormalities in fetal sheep, but only to mild, persistent inflam-
mation. However, chorioamnionitis leading to prolonged immune dysfunction may 
subsequently increase susceptibility to postnatal infections.

�Bacterial Sepsis and BPD

Early-onset sepsis (≤72 h after birth) has been shown to initiate an inflammatory 
cascade in preterm infants similar to that seen with exposure to histological chorio-
amnionitis. Similarly, late-onset sepsis (LOS; >72 h of age) causes both proinflam-
matory and profibrotic responses in the preterm lung, increasing its susceptibility to 
BPD [45, 59, 60].

In a retrospective study of 7509 infants born at <32 weeks’ gestation in 29 neo-
natal intensive care units (NICUs) of the Canadian Neonatal Network from 2010 to 
2011, Shah et al. [59] identified 1104 (15 %) infants with LOS, defined as a positive 
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blood and/or cerebrospinal fluid bacterial culture. Of these 1104 infected infants, 
909 (82 %) had Gram-positive and 195 (18 %) had Gram-negative infections. As 
compared with no infection, the odds ratio (OR) of mortality/BPD was higher in 
infants who had Gram-negative (OR, 2.79; 95 % confidence interval [CI], 1.96–
3.97) and Gram-positive (OR, 1.44; 95 % CI, 1.21–1.71) sepsis. Infants with Gram-
negative sepsis were significantly more likely to have been born to mothers with 
chorioamnionitis than uninfected infants (p = 0.004) or those with Gram-positive 
infections (p = 0.04). This study supports the contention that the proinflammatory 
cascade that occurs with LOS can exacerbate preexisting inflammatory conditions 
associated with chorioamnionitis exposure or initiate an inflammatory and fibrotic 
response that results in BPD [45, 59, 61, 62]. Prevention of postnatal sepsis must 
remain a high priority for prevention of BPD.

�Cytomegalovirus Infection and BPD

Congenital cytomegalovirus (CMV) infection is the most common congenital viral 
infection in developed nations, occurring in approximately 0.1–2.0 % of all live 
births [63, 64]. CMV is a Betaherpesvirinae virus that infects human leukocytes, 
and transmission to the infant occurs transplacentally following primary maternal 
infection, reactivation of latent maternal infection, or maternal reinfection with a 
different viral strain [64]. In addition, infants can acquire the virus during birth from 
exposure to infected vaginal and cervical secretions, or postnatally by either blood 
transfusion or, more commonly, ingestion of human milk from a CMV-seropositive 
mother [65, 66]. Intrapartum and postnatal acquisition of CMV, defined as detection 
of CMV in body fluids at ≥21 days of age, and to a lesser extent congenital infec-
tion, can result in pneumonitis and increased likelihood for development of BPD in 
preterm infants [64, 67].

In 1976, Whitley et al. [68] first noted the association of perinatally acquired 
CMV infection with protracted pneumonitis in two infants with lower respiratory 
tract obstruction at 1 month of age [68]. Virological, serological, immunological, 
and electron microscopic studies indicated that CMV was a major causative factor. 
Subsequently, case reports associated multicystic lung disease, fibrosis, and pulmo-
nary hypertension with postnatal CMV infection [1, 69–71].

Two recent studies provide new evidence for an association between postnatal 
acquisition of CMV and BPD. Mukhopadhyay et al. [72] conducted a retrospective 
review of 145 very low birth weight (VLBW, ≤1500 g) infants who were tested for 
CMV infection while in the NICU at Brigham and Women’s Hospital, Boston from 
1999 to 2013. Of the 145 infants, 27 (19 %) had postnatal detection of CMV defined 
as diagnosis at ≥21 days of age; all had birth weight <1250 g and were born at 
<32  weeks’ gestation. Sixteen (59  %) infants presented with acute respiratory 
decompensation, and importantly, CMV-infected infants had significantly more 
exposure to mechanical ventilation (p = 0.03) and a higher incidence of BPD (OR 
4.0; 95 % CI, 1.3–12.4; p =0.02). The authors suggested that postnatal symptomatic 

P.S. Wozniak et al.



221

CMV infection, like late-onset bacterial sepsis, may predispose to development of 
BPD by a combination of direct pathogen effects on the lung, inflammation, and/or 
increased exposure to mechanical ventilation and supplemental oxygen.

Similarly, in a propensity-matched retrospective cohort study of 101,111 VLBW 
infants at 348 NICUs managed by the Pediatrix Medical Group from 1997 to 2012, 
328 (0.3 %) infants had a diagnosis or detection of CMV at ≥21 days of age [73]. 
Postnatal CMV infection was associated with an increased risk for death or BPD at 
36 weeks’ postmenstrual age (risk ratio, 1.21; 95 % CI, 1.10–1.32) and BPD (risk 
ratio, 1.33; 95  % CI, 1.19–1.50). Changes in cardiorespiratory status associated 
with postnatal CMV infection included a new requirement for vasopressor medica-
tions (9 %; n = 29), intubation for mechanical ventilation (15 %; n = 49), a new 
oxygen requirement (28 %; n = 91), and death (1.2 %; n = 4).

Given the association of postnatal acquisition of CMV with BPD, the key chal-
lenge remains development of preventative measures against CMV acquisition in 
extremely low gestational age infants. Transmission of CMV by blood transfusion 
to preterm infants has been virtually eliminated by the use of CMV antibody-
negative donors, freezing red blood cells in glycerol before administration, or leu-
koreduction. Ingestion of human milk now is the primary means by which preterm 
infants acquire CMV postnatally [74]. While pasteurization of human milk inacti-
vates CMV, it also may reduce its known cognitive, immunological, and nutritional 
benefits. Freezing milk at −20  °C decreases CMV viral titers, but does prevent 
transmission [75, 76].

�Respiratory Viral Infection and BPD

The occurrence of respiratory viral infections in preterm infants in the NICU has 
been documented in a prospective surveillance study performed in two NICUs in 
Syracuse, NY during a 1-year period [77]. Fifty preterm infants <33 weeks’ gesta-
tion who were in the NICU since birth underwent nasopharyngeal swab testing for 
detection of respiratory viruses (influenza A/B; respiratory syncytial virus [RSV] 
A/B; parainfluenza [PIV] 1–4; coronavirus, human rhinovirus/enterovirus [hRV]; 
adenovirus; human metapneumovirus [HMPV]) by multiplex PCR testing twice 
weekly within 3 days of birth and up to the time of discharge. Fifty two percent 
(26/50) of infants tested positive for a respiratory virus at least once during the 
NICU stay. Of 708 specimens obtained, the following viruses were detected: PIV-3, 
13; hMPV, 9; RSV-B, 8; RSV-A, 7; PIV-2, 7; hRV, 7; and influenza B, 4. Of note, 18 
samples (28 % of the positive swabs) included more than one virus, similar to stud-
ies performed in older infants with bronchiolitis where viral codetection is relatively 
common. Fourteen infants had sequentially positive specimens for the same virus 
over 3 to 13 days, suggesting that these were true positive results. Compared to 
infants who did not have a respiratory viral pathogen detected, virus-positive infants 
had significantly longer length of stay (70 d vs. 35 d, p = 0.002), need for intubation 
(65 % vs. 29 %, p = 0.01), duration of intubation (19 vs. 5 d, p = 0.03), duration of 
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oxygen requirement (51 vs. 13 d, p  =  0.002), more episodes of desaturation 
(p < 0.0001), and clinical deterioration episodes (p = 0.0001), and importantly, BPD 
(46 % vs. 21 %, p = 0.05).

In a single-site prospective study performed in a German NICU from 8/2010–
3/2014, Kidszun et al. [78] performed respiratory viral multiplex PCR testing on 88 
infants (median gestational age, 27 weeks; median birth weight, 852 g) who under-
went 137 evaluations for late-onset sepsis. A respiratory virus was detected in the 
nasopharynx of six (7 %) infants (2, RSV; 4, picornavirus). Similarly, Ronchi et al. 
[79] conducted a 1-year study (1/15/12–1/31/13) for the detection of respiratory 
viruses by multiplex PCR testing in infants evaluated for possible sepsis and in 
whom intravenous antibiotic therapy was initiated. During the 13-month study, 100 
infants (mean gestational age, 31 weeks; mean birth weight, 1698 g) had 135 sepsis 
evaluations, and 8 infants (8 %), or 6 % (n = 8) of sepsis evaluations, had a respira-
tory virus detected from nasopharyngeal swabs. These included hRV(n = 4), coro-
naviruses (1, HKU-1; 1, OC43), and PIV-3 (n  =  2). These studies suggest that 
respiratory viral infections are under-recognized in premature infants in the NICU; 
yet, they are associated with acute morbidity. Their contribution to long-term respi-
ratory and neurodevelopmental outcomes, however, remains unknown.

It is likely that respiratory viral infections can exacerbate the underlying lung 
abnormalities of infants with BPD and result in impairment of lung function 
through early childhood and possibly adolescence. Longitudinal studies of mice 
who received supplemental oxygen have found a lifelong increased susceptibility 
to infection with respiratory viruses, and in particular, influenza A virus, compared 
to preterm controls exposed only to room air [80–82]. Higher oxygen concentra-
tions led to a dose-dependent inflammatory response to influenza A exposure [45, 
52, 83], with enhanced recruitment of macrophages, neutrophils, and lymphocytes, 
as well as increased alveolar fibrosis, increased monocyte chemoattractant protein 
(MCP-1), and greater mortality [80]. O’Reilly et al. [80] demonstrated that alveolar 
type II cells that are responsible for surfactant production can express viral recep-
tors on their surface, with surfactant protein-deficient mice having decreased viral 
clearance. Pulmonary outcomes of preterm infants infected with a respiratory virus 
early in life—and especially with RSV, hRV, PIV, and hMPV—bear striking resem-
blance to outcomes of very premature infants with BPD [84, 85]. Both BPD and 
early respiratory infection with RSV have been associated with recurrent wheeze 
and lung function abnormalities that persist to school age [64, 86]. In addition, 
viral lower respiratory tract infections (LRTIs) may be a marker for preexisting 
abnormal lung function in neonates [64, 87]. Infants with BPD have substantially 
more rehospitalizations due to RSV and hRV infection than age-matched controls 
without BPD [88, 89].

Similar to BPD, RSV also has been shown to cause persistently diminished lung 
function among preterm infants and increased wheezing throughout childhood [90, 
91–94]. Preterm infants hospitalized with RSV infection are significantly more 
likely to require supplemental oxygen and mechanical ventilation, exposing them 
to additional pulmonary injury [88]. In 2015, the SPRING study demonstrated that 
among children born at 32–35 weeks’ gestation, RSV hospitalization was associ-
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ated with increased wheezing through 6 years of age, as well as increased utiliza-
tion of health care resources and decreased self-reported quality of life [95].

The humanized monoclonal antibody, palivizumab, has been shown to signifi-
cantly reduce RSV hospitalizations in infants and children at high risk for severe 
RSV infection [96]. Simoes et  al. [97] conducted a cohort study of 421 preterm 
infants who had received palivizumab and were not hospitalized for RSV (n = 191) 
or who never received palivizumab (n = 230; 76 hospitalized for RSV). Infants who 
received palivizumab had significantly less parent-documented and physician-
diagnosed recurrent wheezing. Similarly, the Dutch RSV Neonatal Network con-
ducted a multicenter, double-blind, placebo-controlled trial of palivizumab 
prophylaxis in 429 otherwise healthy preterm infants of 33 to 35 weeks’ gestation 
and demonstrated that palivizumab prophylaxis significantly reduced wheezing 
days during the first year of age [98]. These studies continue to implicate RSV 
infection as an important mechanism of recurrent wheeze during the first year of life 
in preterm infants.

�Future Directions

As the direction of causality between infection, inflammation, and BPD remains 
unanswered, research is needed to better elucidate their interaction and contribution 
to long-term pulmonary morbidity in preterm infants, with the ultimate goal of 
developing and implementing novel therapies and interventions. Nonetheless, a 
central role for pulmonary inflammation seems key, and the factors that contribute 
to its evolution need to be explored.

Early and prolonged antibiotic therapy in preterm infants has been associated 
with BPD [99], suggesting an important role of the airway microbiome as a 
mediator of the inflammatory process [100]. Recently, Lal et al. [101] reported 
temporal dysbiotic changes in the airway microbiome from birth to the develop-
ment of BPD in preterm infants. They noted decreased Lactobacillus spp. in 
endotracheal aspirates of preterm infants who developed BPD and infants born 
to mothers with chorioamnionitis. How the airway microbiome is established, 
and the possible factors such as chorioamnionitis, antibiotic use, and postnatal 
infection that potentially contribute to its dysregulation need further explora-
tion [102].

The human virome, or the viral component of the human microbiome, represents 
the collection of all viruses that are found in or on humans, including viruses that 
cause acute, persistent, or latent infection, and viruses that integrate into the human 
genome, such as endogenous retroviruses [103]. The human virome includes both 
eukaryotic and prokaryotic viruses (bacteriophages), the latter of which can infect 
the broad array of bacteria that inhabit the body and influence bacterial population 
structure or virulence. Its impact on human health has received less attention than 
that of the bacterial microbiome, even though it is likely to be equally important in 
homeostasis and disease. The potential importance of the human virome in the 
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development of BPD is not known, and our current lack of understanding of its 
ontogeny in preterm infants constitutes a major knowledge gap in our continuing 
efforts to decrease the incidence of BPD and its consequences.

Finally, genome-wide transcriptional profiles of the infant’s inflammatory response 
to conditions associated with prematurity could provide new key evidence about the 
pathogenesis of BPD [104]. Analysis of the infant’s transcriptome also could be used 
to support the clinical significance of detecting bacterial or viral sequences in clinical 
specimens by detecting expression of immune/inflammatory genes that may contrib-
ute to the development of BPD [105]. Importantly, such technology could aid in the 
identification and subsequent validation of candidate biosignatures and biomarkers 
for BPD in preterm infants with bacterial and respiratory viral infections.
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