




Fetal and Neonatal Lung
Development

Lung disease affects more than 600 million people worldwide. While some of these
lung diseases have an obvious developmental component, there is growing
appreciation that processes and pathways critical for normal lung development are
also important for postnatal tissue homeostasis and are dysregulated in lung disease.
This book provides an authoritative review of fetal and neonatal lung development

designed to provide a diverse group of scientists, spanning the basic to clinical
research spectrum, with the latest developments on the cellular and molecular
mechanisms of normal lung development and injury-repair processes, and how they
are dysregulated in disease. The book includes genetics, omics, and systems biology,
as well as new imaging techniques that are transforming studies of lung development.
The reader will learn where the field of lung development has been, where it is
presently, and where it is going to improve outcomes for patients with common and
rare lung diseases.
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Preface

These chapters by experts in all aspects of lung
growth and development will provide scholarly
reviews of the state of the art of lung biology and
function. A further goal is to emphasize new
technologies and approaches that will transform
the understanding of lung development in the
near future. These new insights will then inform
us about human lung diseases and new treat-
ments. Lung biology initially focused on the
amazing structure of the lung following the
development of electron microscopy. Subsequent
progress resulted primarily from analyses of the
cell biology and metabolic processes of the lung.
A major success came with the development of
surfactant treatments for respiratory distress

syndrome (RDS) in preterm infants. Transgenic
technologies then provided tools for exploring
lung development, lung injury, and disease
models. Currently modern molecular and genetic
techniques and systems biology are transforming
how lung development can be studied and dir-
ectly linked to diseases throughout the human
life span. The field has come full circle with
remarkable advances in imaging of lung cell
and septal developmental processes in animal
models. Now alveolar numbers and size esti-
mates are possible in patients using advanced
magnetic resonance (MR) technologies. The
expectations are that new insights will result in
new therapies.

ix





Chapter

1
The Genetic Programs Regulating
Embryonic Lung Development and
Induced Pluripotent Stem Cell
Differentiation
Finn Hawkins, Scott A. Rankin, Darrell N. Kotton, and AaronM. Zorn

Abstract
This chapter reviews the current knowledge of the molecular mechanisms controlling embry-
onic lung development in animal models from the initial specification of a small number of
respiratory progenitor cells in the ventral foregut endoderm through the formation of the
mature adult lung with regionally specialized epithelial, interstitial, and vascular compart-
ments. In the second half of this chapter we introduce induced pluripotent stem cells (iPSCs)
as a compelling new platform to study human lung biology at developmental time-points
previously inaccessible to researchers. iPSCs offer the potential to generate functional lung
tissue in vitro by translating the knowledge gained from studying respiratory system develop-
ment in different animal models where many of the signaling pathways or airway branching
mechanisms are evolutionarily conserved. There are many exciting possible applications of
iPSC-derived lung tissue, including the ability to model human lung disease, screen novel drug
therapies, and ultimately generate functional, transplantable lung cells or 3-D tissues for those
suffering from one of the many forms of end-stage lung disease.

Keywords:
Embryonic lung development, iPSCs, Nkx2-1, respiratory progenitors, animal models

Introduction
The mammalian respiratory system is an essen-
tial, complex, and highly specialized organ. Each
lung is composed of two branching networks,
epithelial and vascular, that deliver air and deoxy-
genated blood to the alveoli, where the primary
function of the respiratory system, gas exchange,
takes place. The respiratory epithelium contains
numerous distinct cell types to accomplish this
function. The epithelial tubes, comprised of the
trachea, bronchi, and bronchioles, contain secre-
tory, multiciliated, neuroendocrine, and basal
cells that humidify and clean the inhaled air while
maintaining the airway. The alveolar epithelium
contains surfactant-secreting type II pneumocytes
(ATII) that maintain patency of the alveoli while
type I pneumocytes (ATI) lie in close association
with endothelial cells to facilitate efficient gas
exchange.

In this chapter we first review the current
knowledge of the molecular mechanisms that

control lung development in animal models from
the initial specification of a small number of
respiratory progenitor cells in the ventral foregut
endoderm through the formation of the mature
adult lung with regionally specialized epithelial,
interstitial, and vascular compartments. In the
second half of the chapter we introduce induced
pluripotent stem cells (iPSCs) as a compelling
new platform to study human lung biology at
developmental time-points previously inaccess-
ible to researchers. iPSCs offer the potential to
generate functional lung tissue in vitro by trans-
lating the knowledge gained from studying
respiratory system development in different
animal models where many of the signaling
pathways or airway branching mechanisms are
evolutionarily conserved. There are many excit-
ing possible applications of iPSC-derived lung
tissue, including the ability to model human lung
disease, screen novel drug therapies, and ultim-
ately generate functional, transplantable lung
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cells or 3-D tissues for those suffering from one
of the many forms of end-stage lung disease.

Development of the Respiratory
System
Overview of Lung Development
The billions of epithelial cells lining the respiratory
system are derived from just a few hundred pro-
genitor cells in the ventral foregut of the early
embryo. Studies in animal models have shown
that specification of lung progenitors, growth and
morphogenesis of the fetal lung, and epithelial
differentiation are regulated by a progressive series
of bidirectional inductive interactions between
the endoderm and the surrounding mesoderm.
These growth factor–mediated interactions not
only control epithelial development, but are also
critical for the mesoderm-derived tissues, ensuring
the coordinated differentiation of the respiratory
epithelium with the vascular capillary network to
produce the intricate air–blood interface essential
for respiration.

The origins of the lung epithelium can be
traced back to the initial formation of the endo-
derm germ layer during gastrulation, starting at
embryonic day (E) 6.5 in the mouse (Figure 1-1).
Shortly after gastrulation from E7.5–8.5, the endo-
derm forms a primitive gut tube that is patterned
along the anterior–posterior (A–P) axis into broad
foregut and hindgut domains by secreted factors
from the posterior mesoderm. Between E8.5 and
E9.5, signals from the cardiac and splanchnic
mesoderm progressively subdivide the foregut epi-
thelium along its A–P and dorsal–ventral (D–V)
axes into thyroid, thymus, trachea, lung, esopha-
gus, liver, pancreas, and stomach progenitor cell
populations (Figure 1-1) (1,2). At the same time
the epithelium signals back to maintain the
mesenchyme and promote the proper develop-
ment of the heart, visceral muscle, and pulmonary
vasculature precursors (1,3,4).

The respiratory epithelial progenitors can
first be identified by the localized expression of
the homeobox gene Nkx2-1 in a subset of the
ventral foregut endoderm at ~E9.0 in the mouse
and around 28 days in human gestation (1,5).
Morphogenesis of the respiratory system begins
between E9.5 and E10.5 when the ventral Nkx2-1+

cells evaginate forming two primary lung buds
and the foregut begins to separate into two tubes:

a ventral trachea and dorsal esophagus. During
the pseudoglandular stage of fetal lung develop-
ment (E12.5–16.5) the primary lung buds grow
through a stereotypical process of branching mor-
phogenesis to generate the highly arborized
airway tree. This process is controlled by tempor-
ally and spatially dynamic signaling interactions
between the growing lung bud tips and the
surrounding lung mesenchyme. Branching mor-
phogenesis is tightly coordinated with proximal–
distal patterning of the lung to generate proximal
epithelial progenitors that give rise to the muco-
ciliary cells of the conducting airways and distal
epithelial progenitors that give rise to pneumo-
cytes in the peripheral alveoli. In the canalicular
and saccular stages of lung development from
E16.5 to postnatal day (P) 5, branching morpho-
genesis ceases, and the epithelium begins to dif-
ferentiate as the distal lung walls become thinner
and the terminal branches expand forming sacs
surrounded by vascular endothelium. Finally in
the perinatal period the terminal airway sacs
are further subdivided and inflate creating mature
alveoli lined by squamous ATI cells that facilitate
gas exchange and cuboidal ATII cells that
secrete surfactant, allowing the lung to inflate.

The mesenchymal–epithelial interactions
regulating lung development are mediated by a
number of signaling pathways, including Wnt,
bone morphogenesis protein (BMP), TGF-β,
fibroblast growth factor(FGF), retinoic acid
(RA), and Hedgehog (HH), which are used
reiteratively with distinct roles at distinct times
during lung organogenesis (1–3). Although
research has identified key roles for these factors,
precisely how combinatorial signaling is regulated
and how temporal and spatial specificity of the
cellular responses is controlled are areas of active
investigation. This information is critical to
effectively mimic lung organogenesis in vitro with
stem cells. Here we review the molecular mechan-
ism of lung development, focusing on epithelial
differentiation, and highlight some of the import-
ant outstanding questions.

Formation and Early A–P Patterning
of the Endoderm
In all vertebrate species, signaling by the TGFβ-
family ligand Nodal is necessary and sufficient
to induce the endoderm and mesoderm germ
layers during gastrulation (2). This was first
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demonstrated when pluripotent cells isolated
from pregastrula Xenopus embryos were cultured
in high concentrations of Activin (a TGFβ ligand
that activates the same receptors as Nodal), which
caused them to adopt an endoderm fate, whereas
lower Activin concentrations induced the cells to
become mesoderm (2). As we describe later,
these classic embryological experiments provided
the proof of principle for directing endoderm and

mesoderm differentiation from mouse and
human pluripotent stem cells.

In mice, Nodal is expressed in the primitive
streak, an embryonic structure through which
cells migrate during gastrulation. As cells pass
through the primitive streak and are exposed to
Nodal ligands, it is thought that they assume a
transient bipotential “mesendoderm” state,
expressing genes characteristic of both the

Figure 1-1. Overview of lung development. (A) A time line showing the major steps of lung development in the mouse
and (B) a diagram showing the ontology of cell lineages (bold; with key marker genes indicated), as the endoderm progressively
gives rise to the epithelial cells lining the respiratory system. The endoderm and mesoderm germ layers are segregated from a
bipotential mesendoderm progenitor during gastrulation at E6.5–7.5. Between E7.5 and E8.5 the endodermal sheet folds over on the
anterior and posterior ends to form a primitive gut tube (anterior left) that is patterned along the A–P axis into foregut and
hindgut progenitors. At E8.5–9.5 the foregut is further patterned along the A–P and D–V axes to generate organ-specific lineages,
with Nkx2-1+ respiratory progenitors (magenta) being detected by E9.0. Between E9.5 and E11.5 the single foregut tube is
separated into Sox2+ esophagus and Nkx2-1+ trachea with primary lung buds emerging. The fetal lung grows by branching
morphogenesis in the pseudoglandular stage (E12.5–16.5) during which time the epithelium is patterned along the P–D axis into
Sox9+ progenitors (green) at the distal tips, which give rise to both Sox2+ proximal airway lineages (purple) as well as distal
alveolar epithelium. During the Canalicular (E16.E–17.5) and Saccular (E18–birth) stages of lung development, the proximal epithelia
(purple) begins to differentiate into neuroendocrine (n. endo), multiciliated, secretory (club and goblet cell), and basal cells.
Alveolarization occurs in the postnatal (P) period, when bipotential alveolar precursors (bp-ATI/II) at the lung periphery differentiate
into gas-exchanging ATI cells interspersed with surfactant-expressing ATII cells lining the alveoli (green).
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endoderm and mesoderm lineages. Cells that
emerge from the posterior primitive streak
experience lower levels of Nodal and become
mesoderm, whereas those that ingress through
the anterior end of the primitive streak experience
higher Nodal levels and become definitive endo-
derm (DE) (2). As the DE tissue migrates out of
the streak, it intercalates with and displaces the
visceral endoderm (VE), an epithelium that
gives rise to extraembryonic tissues such as the
yolk sac. Nodal-binding to transmembrane recep-
tor complexes results in the phosphorylation and
nuclear translocation of the effector protein
Smad2, which stimulates the expression of other
key transcription factors, including Sox17
and Foxa2 in the endoderm, and Goosecoid and
Brachyury (T) in the mesoderm (Figure 1-1) (2).
Sox17 is also expressed in the VE, whereas Foxa2
is also expressed in the axial mesoderm; thus
coexpression of Sox17 and Foxa2 is a signature
of endoderm cells and is commonly used to iden-
tify DE cells within stem cell cultures (6,7).

The canonical Wnt/β-catenin pathway
cooperates with Nodal signaling to promote spe-
cification and prepatterning of the DE during
gastrulation. Wnt-binding to Frizzled-LRP core-
ceptor complexes results in the stabilization of
β-catenin, which translocates to the nucleus,
where it interacts with Tcf/Lef DNA-binding
proteins to regulate transcription. In zebrafish,
Xenopus, and mice, β-catenin is essential for gas-
trulation and helps maintain the high levels of
Nodal expression needed for endoderm induction
(2). In addition β-catenin/Tcf complexes cooper-
ate with Smad2 to promote the transcription of
many mesendoderm genes, including Sox17
and Foxa2 (8,9). Initial prepatterning of the endo-
derm occurs around the same time as endoderm
formation with Foxa2 and Sox17 being differen-
tially required for anterior and posterior endo-
derm respectively (2).

After gastrulation, between E7.5 and E9.0 in
mice, the sheet of DE cells is transformed into a
primitive gut tube that is broadly patterned along
the A–P axis with the foregut expressing the tran-
scription factors Hhex and Sox2, while the hindgut
epithelium expresses the caudal transcription
factors Cdx1-4 (Figure 1-1). At this stage in devel-
opment, regional identity of the endoderm is labile,
and if anterior endoderm is experimentally placed
in contact with posterior mesoderm, it can be
reprogrammed to adopt a hindgut fate (10,11).

The posterior mesoderm secretes RA, Wnt, FGF,
and BMP ligands, which together promote intes-
tinal identity in the adjacent endoderm. In contrast
the anterior region of the embryo expressed a
number of Wnt- and BMP-antagonists including
Dkk1, Sfrp, Cerberus, Noggin, and Chordin that
protect the anterior endoderm from these poster-
iorizing signals (2). The available evidence suggests
that the foregut epithelium is uniquely capable of
becoming lung, liver, or pancreas but the molecu-
lar basis of this competence is poorly understood.

Specification of Nkx2-1+ Respiratory
Progenitors
The foregut endoderm is segregated into organ-
specific lineages between E8.0 and E9.5 in mice
(Figure 1-1) with specification of the respiratory
progenitors defined by the downregulation of
Sox2 and the induction of Nkx2-1 in a subset of
the ventral foregut cells at E9.0 (Figure 1-2) (5).
Although commonly used as a marker of the
respiratory lineage, Nkx2-1 is also expressed in
the brain and presumptive thyroid and thus is
not a completely specific indicator of respiratory
identity. Recent expression profiling of the early
mouse embryo has revealed a combinatorial tran-
scription factor code for different foregut lineages
with expression of Nkx2-1 and the lack of Hhex
and Pax8 marking lung, whereas the coexpression
of Nkx2-1/Hhex/Pax8 marks the thyroid (12,13).
Nkx2-1 directly regulates the expression of many
genes in the respiratory epithelium (14), and
Nkx2-1 null mutant mice exhibit severe pulmon-
ary defects including trachea-esophageal fistula,
poor branching morphogenesis, and a failure in
differentiation of the lung epithelium along with
thyroid and brain defects (15,16). The fact that
Nkx2-1 mutants still make lung tissue indicates
that other epithelial transcription factors must act
in concert with Nkx2-1 to specify the respiratory
lineage. Candidates include a number of Hox-
family transcription factors, which display
regional expression in the foregut. Consistent
with this possibility Hoxa5 and Hoxb5 double
mutants exhibit hypoplastic lungs and perinatal
lethality (17). An important challenge in the
future will be to identify how Nkx2-1, Hox, and
other transcription factors interact to control the
complete transcriptome of the respiratory lineage.

Experiments with cultured embryonic mouse
tissue suggest that between E8.0 and E9.0
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dose-dependent FGF signals from the cardiac
mesoderm promote the initial segregation of
the ventral foregut into lung, liver, and pancreas
lineages. High concentrations of recombinant
FGF2 induced expression of Nkx2-1 and the ATII
gene Sftpc in isolated foregut endoderm, while
moderate FGF doses induced liver (18). Similarly,
hyperactivation of FGF receptors (FGFR) in
Xenopus and chicken embryos expands the
Nkx2-1-expressing lung domain (19,20). Pharma-
cological inhibition in Xenopus embryos indicates
that endogenous FGFR signaling via mitogen-
activated protein kinase (MAPK) and Akt path-
ways is required for lung and liver development in
vivo and suggests that prolonged FGFR activity is
critical for lineage specification, but the molecular
mechanisms remain obscure (20,21). This puta-
tive role for FGFs in mammalian foregut pattern-
ing remains to be genetically validated, as no
single or compound Fgf mutant described to date
exhibits a failure to specify Nkx2-1+ progenitors,
even though a number of FGF ligands play critical
roles in fetal lung development (3).

CanonicalWnt signaling is critical for inducing
respiratory progenitors. Wnt2 and Wnt2b (Wnt2/
2b), expressed in the splanchnic mesoderm sur-
rounding the ventral foregut at E8.5–10.5, are
redundantly required for lung development
(Figure 1-2). The combined mutation of both
Wnt2 andWnt2b, or the deletion of β-catenin from
the epithelium at E9.0, resulted in respiratory agen-
esis and a lack of robust Nkx2-1 expression,
although there may be a very transient lowlevel of
Nkx2-1 even in the absence of β-catenin (22,23). In
addition, hyperactivation of β-catenin is sufficient

to dramatically expand the Nkx2-1 expression
domain. Wnt2/2b signaling via β-catenin is also
necessary and sufficient to specify respiratory epi-
thelium in Xenopus (24). Epistasis experiments in
frog embryos further suggest that FGF-mediated
foregut patterning may promote lung fate in part
by regulating Wnt2/2b expression in the meso-
derm. However, the situation is almost certainly
more complicated as compound Wnt2/2b mutant
mouse embryos have reduced Fgf10 in the
mesenchyme surrounding the nascent lung buds
(22). Moreover, analysis of the Fgf10 and Fgf9
mutants indicates that FGFs and Wnts regulate
each other’s expression throughout fetal lung
development by complex feedback loops both
within the mesenchyme and between the mesench-
yme and the epithelium (3).

BMP signaling cooperates with Wnt2/2b to
promote specification of the respiratory lineage.
At E9.0–10, BMP ligands expressed in the cardiac
and splanchnic mesenchyme signal to the adjacent
ventral foregut epithelium activating the down-
stream nuclear effectors Smad1/5/8 (Figure 1-2)
(25,26). Conditional deletion of BMP receptor
genes Bmpr1a and Bmpr1b (Bmpr1a/b) from the
endoderm around E9.0, rendering the epithelium
unable to respond to BMPs, resulted in reduced
Nkx2-1 and tracheal agenesis (27). Curiously
Bmpr1a/b deletion also caused ectopic lung buds
to emerge from the foregut tube, suggesting that
trachea and lung bud progenitors may have differ-
ent requirements for BMP signaling. Importantly
BMPR activity was essential for the ectopic Nkx2-1
expression induced by the experimental hyperac-
tivation of β-catenin. The available evidence

Figure 1–2. D–V foregut patterning
and specification of Nkx2.1+

progenitors. Schematic of an E9.5
mouse gut tube showing a section
through the foregut. It shows that
Wnt2/2b and BMP paracrine signals
from the splanchnic mesoderm
(orange) generate a gradient of β-
catenin and pSmad1 activity along the
D–V axis of the foregut epithelium.
Wnt/β-catenin induces Nkx2-1+

respiratory progenitors (pink) in the
ventral foregut, whereas BMP/pSmad1
downregulates the ventral expression
of the transcription factor Sox2, which
suppresses Nkx2-1. Wnt and BMP
ligands are counteracted dorsally by
the secreted antagonists Noggin and
Sfrp, thus maintaining Sox2 expression
in the dorsal foregut (yellow) that will
give rise to the esophagus.
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suggests that BMP signaling acts in part by
repressing Sox2, thereby allowing Nkx2-1 expres-
sion in the presumptive lung field (27). Sox2
appears to repress Nkx2-1 transcription, thus
downregulation of Sox2 by BMP facilitates Wnt-
mediated induction of respiratory progenitors
(Figure 1-2). Exactly how Sox2 inhibits Nkx2-1
expression is unclear as a few days later both of
these genes are coexpressed in the developing
trachea at E11.5 (28), making it unlikely that
Sox2 directly represses Nkx2-1 transcription.

Recent evidence from Xenopus embryos sug-
gests that the role of BMPs may be more complex
with both “prolung” and “antilung” activities by
repressing Sox2 in the epithelium while at the
same time restricting the Wnt2/2b expression
domain in the mesenchyme (24). This dual
function may help to coordinate the location of
lung-inducing signals within the region of the
foregut competent to respond. In the future it will
be important to analyze the enhancers and
promoters of the Nkx2-1, Sox2, and Wnt2/2b
genomic loci in vivo by chromatin immunopreci-
pitation (ChIP) to determine how direct DNA-
binding of β-catenin/Tcf and Smad1 complexes
control their transcription.

D–V Patterning of the Foregut into
Trachea and Esophagus
Coincident with induction of Nkx2-1+ respiratory
progenitors, differential BMP/Wnt signals also
pattern the foregut along the D-V axis such that
it separates into distinct tracheal and esophageal
tubes. BMP ligands from the ventral mesenchyme
are counteracted by Noggin, a BMP-antagonist
secreted from the notochord and dorsal foregut
(25,26). Similarly the Wnt-antagonists Sfrp1 and
Sfrp2 are expressed in the dorsal foregut meso-
derm surrounding the developing esophagus,
where they appear to restrict the activity of
ventrally produced Wnt2/2b (29). This spatial
expression pattern of ligands and antagonists
results in a graded level of β-catenin and Smad1
activity along the D–V axis of the foregut tube
that is highest in the ventral Nkx2-1+ presumptive
trachea and lowest in the dorsal Sox2+ presump-
tive esophagus. The correct balance of BMP/Wnt
activity is essential for proper separation of the
trachea and esophagus. Reductions inWnt2/2b or
BMP activity, such as in Bmp4–/– or Wnt2–/–;
Wnt2b–/– compound mutant mice, results in

tracheal atresia (22,25,26), whereas inactivating
mutations in Noggin or Sox2 can result in varying
degrees of esophageal atresia and trachea-
esophageal fistulas (EA/TEF) in mice and human
patients (26,28).

The HH pathway is also essential for early
respiratory development and separation of
trachea and esophagus. Sonic hedgehog ligand
(Shh) is expressed throughout the gut tube epithe-
lium, and Shh–/– mice mutant embryos display
tracheal atresia with hyperplasic lungs (30), One
of the main roles of Shh signals from the epithe-
lium is to maintain the proliferation and survival
of the surrounding mesenchyme, which in turn
signals back to the endoderm. The combined
mutation of Gli2 and Gli3, downstream transcrip-
tion factors in the HH pathway, results in a more
severe phenotype than the Shh mutants, with a
complete lack of respiratory system and a single
hypoplastic foregut tube (31). Exactly how the
Wnt, BMP, and HH pathways modulate cell
behaviors to cause the single foregut tube to sep-
arate into separate tracheal and esophageal tubes
is still poorly understood.

Primary Lung Bud Outgrowth
Initial outgrowth of the primary lung buds
around E10.5 in mice requires mesenchymal
FGF10 signaling to FGFR2b expressed in the
Nkx.1+ foregut epithelium. Fgf10–/– and Fgfr2b–/–

knockout mice exhibit a complete lack of lung
buds, although respiratory progenitors are speci-
fied as indicated by the rudimentary trachea in the
mutant embryos (32,33). RA signaling is also
essential for primary lung bud formation. If mice
lacking the key RA synthesizing enzyme Raldh2
are transiently supplemented with RA between
E7.5 and 8.5 to overcome early embryonic lethal-
ity, the resulting Raldh2–/– embryos lack lung
buds similar to Fgf10 and Fgfr2b mutants
(34,35). Studies have shown that RA orchestrates
a complex signaling cascade involving FGF, Wnt,
and TGFβ pathways to control lung bud growth.
On one hand, RA represses expression of the
Wnt-antagonist Dkk1 and thus generates a per-
missive territory where Wnt2/2b can maintain
Nkx2-1 expression (36). On the other hand, RA
signaling promotes Fgf10 expression by suppress-
ing the TGFβ/pSmad2 pathway (37).

RA may also indirectly maintain Fgf10 and
Wnt2/2b expression by promoting the expression
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of mesenchymal transcription factors such as
Tbx4, Tbx5, and Hoxa5. These transcription
factors are RA targets in several cellular contexts,
and depletion of Tbx4 and/or Tbx5 results in
reduced Fgf10 and Wnt2b in chicken and mouse
embryos (19,38). Moreover, the Hox cofactors
Pbx and Meis have recently been shown to
cooperatively regulate Fgf10 transcription (39). It
is likely that other signals also cooperate with RA
and FGF to regulate lung bud outgrowth. The fact
that epithelium-specific deletion of Bmpr1a/b
results in ectopic lung buds (27) suggests that
BMP signaling may constrain inappropriate lung
bud outgrowth, but the relationship of this activ-
ity to RA and FGF10 remains to be determined.

The observation that Bmpr1a/b are required
for trachea but repress lung budding (27) suggests
that trachea and lungs might have distinct
progenitors with different molecular programs
maintaining their growth. For example, Nkx2-1,
Shh, and Bmp4 mutants all have lung tissue but
exhibit tracheal dysgenesis (16,25,30), whereas
Fgf10 and Fgfr2 mutants lack lungs but form a
trachea (32,33). Further work is needed to investi-
gate the segregation of trachea and lung lineages.

Proximal-Distal Patterning, Branching
Morphogenesis, and Growth of the Fetal Lung
During the pseudoglandular stage of lung develop-
ment from E12.5 to E16.5 in mice, the fetal lung
grows through stereotypical branching morpho-
genesis where the distal lung tips undergo a reitera-
tive series of bifurcations to produce the highly
arborized tree-like structure of the lung (40). Coin-
cident with branching morphogenesis, the imma-
ture respiratory epithelium becomes patterned
along the proximal–distal (P–D) axis of the lung.
Epithelial progenitors in the proximal regions of
the fetal lung, which will line the conducting
airways, gives rise to neuroendocrine, secretory,
ciliated, and basal cells, whereas the distal periph-
eral airway epithelium gives rise to gas-exchanging
ATI cells and surfactant-producing ATII cells (1,3).
Studies have identified a discrete junction between
these two epithelial compartments termed the
bronchoalveolar duct junction, which displays a
clear change in cell type and morphology identifi-
able around E17 (41). This P–Dpatterning can first
be observed at the molecular level, in the fetal
mouse lung by E11 when trachea and proximal
lung epithelium re-express Sox2 and the epithelium

of the branching distal lung tips express the genes
Sox9 and Id2 (Figure 1-3) (1,3). Sox2 itself is
required for the formation of secretory and ciliated
cells in the proximal airway (28,42) while Sox9 is
required for distal alveolar differentiation and
normal lung branching (43,44).

P–D patterning, branching morphogenesis,
and fetal lung growth are all intimately coordin-
ated by a complex reciprocal cross-talk between
the epithelium and mesenchyme involving many
of the same signaling factors that regulate respira-
tory specification and primary lung bud out-
growth namely: FGF, BMP, Wnt, RA, and HH.
These interactions generate a signaling center at

Figure 1–3. P–D patterning and branching
morphogenesis of the fetal lung. During the
pseudoglandular stage of lung development (E12.5–16.5), the
fetal lung is patterning along the proximal–distal axis as it
grows by branching morphogenesis. The schematic of an early
fetal lung with a magnification of one branch shows that the
distal tip expressing Sox9 and Id2 (green) is undergoing
branching morphogenesis, whereas the proximal airways
express Sox2 (magenta). The mesenchyme (orange)
surrounding the distal tip expresses FGF10, which along with
BMP and Wnt forms a distal signaling center that maintains
proliferation and progenitor status of the Sox9/Id2+ distal
epithelium. FGF10 induces expression of Sprouty, Shh, and
BMP4 in the distal epithelium, which along with RA and TGFβ,
signal back through a negative feedback loop to restrict the
expression and activity of FGF signaling in the stalk region. As a
result of proliferation, epithelial cells that are destined to give
rise to conducting airway are eventually displaced from the
influence of the distal signaling center, causing them to
downregulate Sox9/Id2 and adopt a Sox2+ proximal fate.
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the distal lung bud tips, which maintains the
proliferation of Sox9/Id2+ distal progenitors, pro-
motes branching morphogenesis, and represses
Sox2+ proximal fate. As the lung tips grow, epi-
thelial cells that give rise to the stalks of the
branching airways eventually become displaced
from the influence of distal signaling, and as a
result they no longer maintain distal identity and
adopt a Sox2+ proximal epithelial fate. Consistent
with this model, genetic lineage labeling has
shown that Id2-expressing progenitor cells in the
distal tips of the E11.5–13.5 fetal lungs can self-
renew and contribute to both proximal airway
and distal alveolar epithelial lineages (45). Id2-
expressing tip cells subsequently lose this multi-
potent capacity after this developmental stage
when they become restricted solely to distal epi-
thelial fates, consistent with a model of increasing
lineage restriction of distal progenitors as devel-
opmental stages proceed.

Although many of the molecular details
remain to be elucidated, a key component of this
distal signaling center is the localized expression of
FGF10 in the mesenchyme surrounding the distal
tips, which signals to Fgfr2b in the epithelium.

Experiments with fetal lung explants and con-
ditional Fgfr2 and Fgf10 knockouts, using CRE-
drivers that delete during fetal lung growth (to
overcome earlier lung agenesis), revealed that
FGF10 is a critical mitogen and chemoattractant
for the epithelium that drives the branching
morphogenesis program (46,47) and maintains
distal Sox9+ cells in a progenitor-like state while
repressing proximal Sox2+ airway fate (48,49).
Much of FGF10’s activity appears to be mediated
by cross-talk with other pathways in the distal
signaling center (Figure 1-3). FGF10 promotes
the localized expression of Shh, Bmp4, and its
target Id2 in the distal epithelium of the branch-
ing tips (46). The distal tip epithelium also
expresses Wnt7b, which in turn promotes epithe-
lial Bmp4 and Fgfr2 expression (50). Within the
epithelium, canonical Wnt/β-catenin activity
(stimulated by epithelialWnt7b and mesenchymal
Wnt2) together with autocrine BMP signaling
maintains proliferation and differentiation of the
distal epithelium, while suppressing proximal fate
(Figure 1-3) (1,3). The exact mechanisms by
which Wnt/β-catenin and BMP signaling sup-
presses proximal fate are unclear but it may
be similar to the repression of early Sox2 during
D–V foregut patterning.

Reciprocal signaling from the epithelium back
to the mesenchyme plays a critical role in main-
taining the distal signaling center at the growing
lung bud tips. In addition to promoting Shh and
Bmp4 expression, FGF10 also activates the expres-
sion of the FGF-feedback inhibitor Sprouty in
the distal tip epithelium. Sprouty then cell-
autonomously restricts FGF signal transduction
in the epithelium, whereas Shh and Bmp4 signal
back to the mesenchyme to suppress the expres-
sion and activity of Fgf10. As a result Fgf10 activ-
ity is attenuated in the stalk region proximal to
the branching buds. This negative feedback along
with additional levels of regulation by Fgf9, RA,
and TGFβ localizes the dynamic expression of
mesenchymal Fgf10 and epithelial Bmp4 to the
growing distal tips during branching morphogen-
esis (Figure 1-3). These complex tissue inter-
actions also regulate the proliferation and
differentiation of the mesenchymal components
of the lung. How these complex interactions play
out in the directed differentiation of stem cell
cultures, where endoderm and mesoderm are
often present, remains to be fully explored.

Recent studies have discovered a number of
additional layers of regulation in fetal lung pat-
terning and differentiation. For example, genetic
studies in mice have identified a role for the
Hippo/yes-associated protein (YAP) pathway in
defining the border between the Sox2+ airway
progenitors and the distal Sox9+ presumptive
alveolar region (51,52). In addition noncoding
microRNAs, which regulate mRNA translation,
have been shown to govern the balance between
progenitor proliferation and differentiation
(53,54), whereas long noncoding RNAs, which
are thought to regulate transcription, are reported
to modulate early Nkx2-1 expression (55). Epi-
genetic modification of chromatin can also
impact gene expression in the developing lung.
For example histone deacetylases (HDACs) have
been shown to promote proliferation and P–D
differentiation through the regulation of cell cycle
genes and Bmp4 expression (53,56). The challenge
now is to figure out how these different modes of
regulation are integrated and to identify strategies
to manipulate them in stem cell differentiation
protocols. For a more detailed consideration of
the complex signaling interactions that modulate
P–D patterning, branching morphogenesis, and
fetal lung growth, see recent excellent reviews on
the subject (1,3).
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Epithelial Differentiation
Differentiation and physiological maturation of
the respiratory epithelium occurs in a proximal to
distal wave beginning at the late fetal stages and
continuing into the postnatal period (1). Starting
in the proximal airway, Sox2+ progenitors give rise
to neuroendocrine cells (Ascl1+), secretory Club/
Clara cells (Scgb1a1+) in mice, and Goblet cells
(Muc5ac+) in human, multiciliated cells (Foxj1+)
and basal cells (Trp63+) located at the base of the
pseudostratified epithelium of the trachea and
main stem bronchi (Figure 1-1B). The distal epi-
thelium differentiates last as peripheral lung tips
undergo septation and expansion into alveoli lined
with gas-exchanging squamous ATI cells (Aqp5+/
Pdpn+) that make up more than 90% of the epithe-
lium, interspersed by surfactant-producing
cuboidal ATII cells (Sftpc+; Figure 1-1B).

The cell–cell signaling events that govern epi-
thelial differentiation are poorly understood, but
gene knockouts in the mouse and in vitro tissue
culture experiments have identified many tran-
scription factors important for epithelial differen-
tiation. In some cases these factors are broadly
required for the differentiation of many, if not all,
epithelial cell types from both the proximal and
distal lineages, such as Nkx2-1, Gata6, and Foxa1/
2 (1,3,14), whereas others have restricted function
such as Sox2 and Sox9 in proximal and distal
lineages respectively (28,42–44). However, some
transcription factors are critical for specific epi-
thelial cell types such as Ascl1 for neuroendocrine
cells, Spedf for goblet cells, Foxj1 and Myb for
ciliated cells, and Trp63 for basal cells; for more
details on the diverse role of different transcrip-
tion factors in respiratory epithelium differenti-
ation, we direct the reader to a number of
excellent reviews (1,14,53) and references therein.

One signaling pathway known to regulate lin-
eage segregation in the proximal airway is Notch.
First Notch signaling between cells within the
epithelium defines whether epithelial cells adopt
a neuroendocrine (NE) or nonneuroendocrine
(Non-NE) fate (57), via the downstream tran-
scription factors Hes1 and Ascl1. Then a second
Notch-mediated event regulates the balance
between secretory and ciliated cell fate, such that
they are distributed in a salt and pepper manner
throughout the airway epithelium (58–60). Pre-
cisely how the different temporal effects of Notch
activation versus Notch inhibition regulates the

various lung lineages remains an active area of
investigation.

During the postnatal period the alveoli mature
to form the gas-exchanging units of the lung,
where the differentiating epithelium is in intimate
contact with the vascular endothelium and
mesenchymal fibroblasts that form the alveolar
septa, but how these interactions impact the dif-
ferentiation of ATI and ATII cells is poorly
understood. Recent evidence indicates that gluco-
corticoids, which are commonly used to treat
premature babies, promotes ATII cell maturation
(1,41). In vitro studies suggest that transcriptional
changes in response to glucocorticoids involve
alterations in Nkx2-1 binding and activation of
downstream genes (61). Recent single cell tran-
scriptome analysis and lineage tracing studies of
the distal lung epithelium during late fetal devel-
opment have begun to shed new light on a novel
bipotential progenitor of the ATI and ATII cells
and has identified candidate regulatory proteins
that might regulate the segregation of these two
lineages (62,63). It appears that these bipotential
progenitors express genes characteristic of both
ATI and ATII and that lineage restriction involves
repression of one of the two genetic programs
in late fetal stages, as these bipotential alveolar
progenitors are not detected postnatally (62).

Lung Tissue from Pluripotent
Stem Cells
Overview
Our understanding of lung development has been
significantly advanced through the careful study
of animal models, but more work needs to explore
the molecular mechanisms driving differentiation
of the respiratory epithelium. The goal of this
research is to ultimately advance our knowledge
of human lung development and disease. A major
hurdle to such research is the reality that the
developing human lung is generally inaccessible
to study. In recent years, the discovery of pluri-
potent stem cells, including iPSCs, has signifi-
cantly advanced our ability to model human
development and disease in vitro, providing
unprecedented access to human cells undergoing
developmental cell fate decisions and lung differ-
entiation. Both the discovery of how to generate
iPSCs from humans as well as the techniques for
differentiating these cells in vitro is founded on
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many years of basic science investigations into the
mechanisms that regulate pluripotency as well as
the signaling pathways that enable in vitro differ-
entiation of embryonic stem cells (ESCs) or other
pluripotent stem cell populations. In the second
part of this chapter we now introduce pluripotent
stem cells, including ESCs and iPSCs, before we
review the success to date in applying the know-
ledge gained from studying the molecular mech-
anisms of respiratory development in animal
models to generating lung epithelium from
human pluripotent stem cells (hPSCs).

Embryonic Stem Cells
Pluripotent stem cells have the capacity to self-
renew indefinitely and form somatic lineages of
all three germ layers (ectoderm, mesoderm, and
endoderm). Decades prior to the derivation of the
first ESC, the concept of a pluripotency emerged
from the study of teratocarcinomas. Teratomas
(benign) and teratocarcinomas (malignant) are
spontaneously occurring tumors that contain
derivatives of all three germ layers. Transplant-
ation of a single cell from a teratocarcinoma
induced new tumors composed of tissues derived
from the different germ layers (64). Teratomas
frequently contain areas that resemble early
embryos, termed embryoid bodies. This suggested
an embryonic nature of the tumor and led to the
observation that engrafting pregastrulation mouse
embryos at extra-uterine sites of an adult mouse
resulted in the formation of a teratocarcinoma
(65,66). These observations suggested that a tran-
sient population of pluripotent stem cells was
transiently present in the epiblast of the develop-
ing mouse embryo. Efforts to isolate and propa-
gate these putative pluripotent stem cells from the
developing embryo in culture were finally success-
ful in 1981 with the derivation in vitro of pluripo-
tent stem cell lines, termed embryonic stem cells
(ESCs), from the inner cell mass of mouse blas-
tocyst embryos (67). Generating mouse ESCs is
now commonplace. ESCs have the capacity to
form teratomas when injected in vivo and partici-
pate in embryogenesis when injected into mouse
blastocysts. Transfer of these chimeric blastocysts
into foster mouse mothers has demonstrated that
ESCs can contribute to all lineages of the develop-
ing organism, including the germline, resulting
in the production of viable animals. Of note,
ESCs are restricted in their ability to contribute

to the extra-embryonic lineages such as the tro-
phectoderm. However, when ESCs are injected
into a tetraploid blastocyst, the tetraploid host
cells can generate the extra-embryonic lineages,
while the donor ESCs, remarkably, form the entire
fetus proper (68,69). The ability to manipulate
the genome of ESCs to target specific genes and
subsequently engineer mice (knock-out, knock-in,
or knock-down) to interrogate their function
has been a powerful development in accelerating
our understanding of development and disease
(70–72).

Seventeen years after the discovery of mouse
ESCs, a method of isolating human ESCs from
preimplantation human blastocyst embryos and
culturing these cells while maintain their undiffer-
entiated state was first described (73). Similar to
mouse ESCs, human ESCs can also differentiate
into all three germ layers as evidenced by their
ability to form teratomas when injected into mice.
Their discovery was met by excitement and con-
troversy. The excitement was fueled by a hope that
human ESCs would herald the era of regenerative
medicine and the de novo generation of human
cells, tissues, and organs. Controversy stemmed
from the use of discarded human embryos to
generate the ESC lines. Although sufficient discus-
sion of the ethical, political, or religious controver-
sies that followed is beyond the scope of this
review, from a scientific perspective ESCs have
offered invaluable insights into the genetic pro-
gram of early human development and have paved
the way for the discovery of iPSCs.

Induced Pluripotent Stem Cells (iPSCs)
The discovery of somatic cell reprogramming to
produce iPSCs resulted from fifty years of research
focused on mechanisms that regulate nuclear
reprogramming and the engineered induction of
pluripotency in amphibians and mammals (74). In
1962, Jim Gurdon demonstrated that replacing the
nucleus of a frog egg with that of an adult frog
intestinal cell could produce a viable tadpole (75)
and subsequently a viable adult frog. This process
of nuclear transfer proved that the nuclei of som-
atic cells contain the necessary genetic information
to generate an entire organism and that the epi-
genetic and gene expression states that govern and
restrict adult cellular identity can be reset or
reprogrammed to a pluripotent, embryonic state.
In 1997, applying this nuclear reprogramming
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technique to sheep mammary epithelial cells,
Dolly was the first mammal to be cloned (76).

A second field of research that led to the
discovery of iPSCs was focused on master tran-
scription factors. Transcription factors (TFs),
such as Nkx2-1 reviewed in the first half of this
chapter, are diverse and abundant proteins
that regulate gene expression by binding to hun-
dreds or thousands of target sequences in the
genome. Master transcription factors control
cell-specific genes and can potentially determine
cell fate. For example, ectopic expression of a
single master transcription factor, MyoD, in
fibroblasts results in phenotypic conversion into
myoblasts (77).

Combining the knowledge of cellular repro-
gramming, master transcription factor regulation
of fate, and the biology of embryonic stem cells,
Takahashi and Yamanaka demonstrated in
2006 that the transient, ectopic overexpression of
four transcription factors (Oct4, Klf4, Sox2, and
c-Myc) could reset the epigenetic state of mouse
somatic cells (e.g., fibroblasts) into a pluripotent
state virtually indistinguishable from mouse ESCs
(78). iPSCs are similar to mouse ESCs in their
global gene expression profiles, pluripotency,
germ-line competence, and capacity to form an
entire mouse (79–81). A year later, this finding
was reproduced by reprogramming using human
skin fibroblasts into pluripotent cells that pheno-
typically resemble human ESCs (82,83).

Generation of human iPSCs from skin biop-
sies, plucked hair follicles, or peripheral blood
samples is now well established (82,84,85). Alter-
native combinations of transcription factors have
been identified, including Nanog, Lin28, ESRRB,
NR5A2, that establish the core transcriptional
circuitry sufficient to reprogram somatic cells into
iPSCs (83,86). iPSCs have several advantages over
ESCs; they are genetically identical to the person
from whom they are generated, and they over-
come the ethical controversy that surrounds and
limits the study of ESCs or other cell types that
require the use of cells obtained from human
embryos. As human iPSCs share the capacity for
multilineage differentiation, human ESC studies
are now focused on recapitulating key develop-
mental processes in vitro, manipulating gene
function to interrogate development and disease
to generate organ-specific cell types for both
pharmaceutical discovery/toxicity studies and
potential cell-based therapies.

Deriving Lung Epithelium De Novo via the
“Directed Differentiation” of ESCs/iPSCs
The in vitro differentiation of either ESCs or
iPSCs into specific tissue can be guided by adding
combinations of growth factors or small mol-
ecules to the media at specific times during cul-
ture to recapitulate the signaling pathways that
regulate in vivo organ development (87), a strat-
egy that requires a detailed understanding of
normal organogenesis. This process of recapitu-
lating development in vitro to sequentially pattern
pluripotent stem cells toward desired fates is
termed “directed differentiation” and has been
successfully applied for deriving multiple cell
types from ESCs/iPSCs, including neurons, ret-
inal epithelium, cardiomyocytes, hepatocytes,
intestinal epithelium, and pancreatic cells (88–
94). To date most of the cell types produced from
ESCs/iPSCs have an immature phenotype and are
not yet ready for clinical applications; however,
retinal pigment epithelial cells and photoreceptors
derived from iPSCs have a particularly well-
characterized functional phenotype and exhibit
in vivo functional, vision-restoring potential in
preclinical animal testing. Hence, the first clinical
trial using these hPSC-derived cells to treat
patients suffering from age-related macular
degeneration was launched in 2014 (Nature
doi:10.1038/nature.2014.15915).

Initial attempts at deriving lung epithelium
from hPSCs were inefficient, stochastic, used
incompletely defined media, or relied on the pres-
ence of drug-resistance genes (95–97). The diffi-
culty in part was due to our lack of information
regarding normal lung development in vivo.
However, since 2011, a number of groups have
made significant progress leveraging recent
advances in our understanding of respiratory
development. The resulting strategies to direct
the differentiation of human iPSCs toward a lung
epithelial fate use the exogenous addition of
growth factors and inhibitors at specific times
and concentrations to mimic the progressive cell
signaling between the endoderm and mesoderm
that specify definitive endoderm, pattern the
endoderm, and ultimately induce Nkx2-1+

respiratory progenitors that differentiate into
mature lung epithelium (Figure 1-4). The
following sections review these critical stages in
the directed differentiation of lung tissue from
PSC in vitro.
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In Vitro Definitive Endoderm Induction
In the first part of this chapter we explained that
Nodal/TGFB signaling is required to pattern the
primitive streak to form endoderm and meso-
derm germ layers during gastrulation in all verte-
brates. Just as pregastrula Xenopus cells will adopt
a DE fate when cultured in a high concentration
of the exogenously added Nodal signaling
inducer, Activin A, so too will hPSCs (6,7). DE
induction is the first step for all endoderm-
derived directed differentiation protocols. The
temporal dynamics of gene expression during
DE induction in vitro is similar to that in the
mouse embryo (98). hPSC-derived definitive
endoderm transiently expresses brachyury, simi-
lar to cells migrating through primitive streak
in the embryo, and subsequently expresses key
endodermal genes (e.g., Foxa2, Sox17). Studies
using mouse embryonic stem cells engineered to
carry reporter genes (e.g., green fluorescence pro-
tein; GFP) targeted to the loci encoding several
primitive streak or DE-associated TFs have dem-
onstrated that similar to the embryo, Activin-
induced ESCs/PSCs pass through a transient
mesendoderm state prior to DE formation
(99,100). Ectoderm and mesodermal fates are
suppressed during Activin A induced differenti-
ation of ESCs/iPSCs, and cell surface markers,
including C-kit, CXCR4, and EPCAM are useful
tools in the in vitro–directed differentiation to
help distinguish and quantify definitive endoderm
induction (101,102).

Anterior Foregut Endoderm Induction
in PSCs
The next major step in directing the in vitro
differentiation of DE toward a lung fate is broadly
analogous to the gut tube patterning of the E7.0–
E9.0 mouse embryo starting with HHEX and Sox2
expressing foregut progenitors and Cdx1-4+ hind-
gut cells. In contrast to the success in generating
intestinal, hepatic, and pancreatic progenitors
from hPSC-derived DE, more anterior foregut
lineages, including lung and thyroid, have only
been derived recently. We have already discussed
that during normal development the anterior
foregut is exposed to a number of Wnt and
BMP antagonists, preventing it from adopting a
more posterior fate. Capitalizing on this observa-
tion, Green et al. demonstrated that stage-specific
inhibition of BMP4 and TGF-β, after DE induc-
tion from hESC, resulted in a cell population
reminiscent of anterior foregut endoderm (AFE)
(103). Specifically, the endodermal marker Foxa2
was maintained, the anterior foregut markers
Sox2, PAX9, and TBX1 were upregulated, whereas
the hindgut marker CDX2 was suppressed. Most
important, this AFE-like population was compe-
tent to respond to subsequently added, Wnts,
BMPs, and FGFs, growth factors resulting in lung
and thyroid specification within the cultures
(103–106). Further evidence that this population
resembles AFE was demonstrated by injecting
these cells under the kidney capsule of a mouse

Figure 1-4. A schematic of the directed differentiation of ESCs/iPSCs to lung epithelial progenitors. The key signaling
factors and marker genes of the main stages of the in vitro derivation of lung epithelial progenitors are outlined. First ESCs/iPSCs
are exposed to high concentrations of Activin A, to mimic Nodal signaling and induced definitive endoderm. PSC exit pluripotency
and migrate through a primitive streak-like state (Brachyury+). Definitive endoderm is identified by the expression of a number of
genes, including Foxa2 and Sox17. Subsequently, the inhibition of TGF-b, BMP4, and Wnt results in a population reminiscent of
anterior foregut (Foxa2+/Sox2+). The addition of growth factors, including Wnts, BMP4, FGFs, and RA leads to Nkx2-1 induction.

12

Fetal and Neonatal Lung Development



(103). This produced luminal epithelia largely
limited to AFE derivatives, including evidence of
surfactant protein C+ (Sftpc+) distal lung epithe-
lial lineages. Using this stage-specific TGF-β/
BMP4 inhibition and employing a hESC Sox2-
GFP reporter line to identify and purify the
AFE-like population resulted in the identification
of two surface markers, CD56+ (NCAM) and
CD271+ (NGFR), which are proposed to distin-
guish the Sox2+ AFE-like population from other
cells in heterogeneous in vitro cultures (107).
Although a key part of current lung differenti-
ation protocols, the molecular basis for TGF-b
and BMP inhibition in rendering DE competent
to induce anterior foregut lineages is not yet
understood. Indeed, this is still not well under-
stood in normal development of animal models,
and it is possible that the experimental advantages
of ES/PSC cultures might help solve this mystery.

Lung Specification fromESC/iPSC-Derived
Endoderm
Between E8 and E9.5, Wnt, BMP, and FGF signals
segregate the foregut endoderm into organ-
specific domains (Figure 1-2), with the prospect-
ive thyroid and lung being identified by the
expression of Nkx2-1 at E8.5 and E9, respectively.
Although the activity of these signaling pathways
is not fully understood, they have proved to be
critical in protocols to direct lung differentiation
from ESC/iPSC cultures (103–105)

Applying the knowledge of how lung fate is
specified in vivo, a number of groups have
recently established protocols to derive lung
epithelial-like cells from both mouse and human
PSCs (104–106,108). Fundamental to these proto-
cols is activin-induced DE, followed by inhibition
of TGF-β and/or inhibition of BMP to promote
anterior foregut and subsequent exposure to some
combination of Wnt activators, BMP4 and FGFs
(FGF2, 7, and/or 10). In a relatively short time
there has been significant progress in the field
with evidence of improving efficiencies of lung
lineage specification, more defined protocols,
and better characterization of the putative lung
progenitors being produced from ESC/iPSC
populations (106). Utilizing an ESC line carrying
a Nkx2-1-GFP knock-in reporter to identify,
track, quantify, and purify cells committed to
the lung or thyroid lineage has illustrated the
kinetics of respiratory or thyroid fate induction

in ESC-/iPSC-derived endoderm, confirming the
importance of stage-specific inhibition of TGF-β
and BMP4 using SB431542 and Noggin, respect-
ively. Subsequent exposure to the combination of
Wnt3a, BMP4, FGF2, FGF7, FGF10, EGF, and
heparin sulfate yielded 21.3% +/– 2.7% Nkx2-1+

cells after 15 days of differentiation, resulting in
approximately 160 Nkx2-1+ endodermal cells pro-
duced per starting single ESC (104). The Nkx2-1
knock-in GFP reporter enabled sorting of the cells
by fluorescence-activated cell sorting (FACS) and
further expansion of this proliferative Nkx2-1
positive population without requiring the pres-
ence of mesenchymal supporting cells. In the
presence of FGF2, FGF10, and subsequently a
media containing dexamethasone, cyclic AMP,
IBMX, and FGF7 (DCI+K) to promote matur-
ation of putative lung epithelial lineages, the
expression of both proximal (CC10, Foxj1) and
distal (Sftpc, Sftpb, Pdpn) lung epithelial markers
increased. Rajagopal et al. similarly demonstrated
the necessity of TGF-β inhibition after definitive
endoderm induction and the expression of endo-
dermal Nkx2-1 in response to Wnt, BMP4, and
FGF2 signaling (105). The authors demonstrated
that the BMP signaling necessary for Nkx2-1
induction was dependent on the canonical BMP,
Smad-dependent, pathway as opposed to the
MAPK pathway because the application of dorso-
morphin (a chemical inhibitor of Smad-
dependent BMP signaling) significantly reduced
the efficiency of Nkx2-1 induction, whereas an
MEK1/2 inhibitor, PD98059, had little effect. This
protocol was translatable to human iPSCs as
Nkx2-1+ endodermal progenitors were success-
fully derived from iPSCs generated from a patient
with cystic fibrosis (105).

Proximal-Distal Patterning
of ESC-/iPSC-Derived Lung Lineages
Between E12.5 and E16.5 the lung undergoes
continued branching morphogenesis, and the
immature lung epithelium is patterned along a
proximal (Nkx2-1+/Sox2+) versus distal (Nkx2-
1+/Sox9+) axis (Figure 1-3). The proximally
patterned airways will give rise to the conducting
airways lined with secretory, ciliated, neuroendo-
crine, and basal cells. The distal tips will give rise
to the alveolar compartments lined by ATI
and ATII. As described in the previous section,
morphogenesis and P–D patterning is tightly
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orchestrated by temporally and spatially
restricted reciprocal signaling between the lung
epithelium and mesenchyme. The role of
mesenchyme in the ESC-/iPSC-directed differen-
tiation of the lung has not yet been explored, and
thus reproducing this complex patterning in
vitro remains a challenge. Efficient, defined
protocols do not yet exist to derive distinct,
mature proximal and distal lung epithelial lin-
eages; however, promising recent studies have
derived a number of cell types of the lung epi-
thelium. Generating airway-ciliated cells is of
particular interest to the study of cystic fibrosis
and primary ciliary dyskinesia. Rajagopal et al.
generated Nkx2-1+ endodermal progenitors, as
described earlier, using BMP4, Wnt, and FGF2
signaling, followed by exposure to BMP7
and FGF7, while inhibiting Wnt/MAPK/ERK
signaling. This resulted in a small population
of Nkx2-1+/Sox2+ cells and rare cells coexpres-
sing Nkx2-1+ and p63+, a signature suggestive
of airway basal cell-like differentiation. Further
differentiation to more defined cell types of
the airway required an in vivo environment,
accomplished by injecting these unsorted cells
in bulk by subcutaneous injection into immuno-
deficient mice. The injected ESC-/iPSC-derived
cells gave rise to organized, luminal epithelia.
Cells within these mouse or human grafted
epithelia growing subcutaneously in mice
expressed Nkx2-1 as well as markers of airway
basal (p63), club (Clara) (CC10), and goblet
(Muc5AC) cells. In addition, cells formed cilia
and expressed Foxj1.

The use of air–liquid interface cultures of
ESC/iPSC-derived endoderm has also been
employed in attempts to derive monolayered epi-
thelial that might resemble the lung airway.
Although lung airway differentiation in the
developing embryo proceeds without exposure
to air until the time of birth, exposure of mono-
layered primary airway cell cultures to an apical
air–liquid interface provides a strong stimulus for
apical-basal polarization as well as ciliation of
epithelial cells (109). To attempt to induce these
programs in differentiating PSC, Wong et al. used
high doses of FGF2 and Shh to derive putative
anterior foregut progenitors followed by treat-
ment with FGF7, FGF10, and BMP4. FGF18 add-
ition and culture in an air–liquid interface was
then employed to produce a monolayered epithe-
lium expressing cystic fibrosis transmembrane

conductance regulator (CFTR). As a proof of
concept, translocation of deltaF508 mutant
CFTR, the ion channel misfolded in cystic fibrosis
(CF), to the plasma membrane was achieved
by treating CF iPS cell-derived CFTR-expressing
cells with a CF “corrector” investigational drug.
Firth et al. also adopted the sequential, stage-
specific approach of inducing definitive endo-
derm, then anterior foregut endoderm followed
by the addition of FGF2, FGF7, FGF10, and
BMP4 to specify lung progenitors. Introducing
the cell monolayer to an air–liquid interface
and inhibiting Notch signaling led to a functional
airway epithelium with multiciliated, FOXJ1+
cells and CC10+ cells organized into a mono-
layered epithelium, which displayed barrier
function and ion-fluxing epithelial electrophysi-
ology (110).

Distal lung epithelial cells expressing surfac-
tant protein markers have been generated from
ESC-/iPSC-derived endodermal precursors in a
variety of publications (103,104,106,108). Long-
mire et al. sorted mouse Nkx2-1+ endodermal
precursors to purity for further expansion in
FGF2- and FGF10-supplemented media to gener-
ate cells expressing distal transcripts, Sftpc and
Sftpb (104). Huang et al. optimized conditions
for derivation of human-ventralized AFE previ-
ously reported by this same group (103), resulting
in cultures containing about 85% Foxa2+Nkx2-1+

cells. These cells were competent for multilineage
lung differentiation because further culturing of
the bulk population or kidney capsule transplant-
ation into immunodeficient mice gave rise to cells
expressing markers of ciliated, club, basal, type I,
and type II lung alveolar epithelial cells in vitro or
in vivo. In vitro the cells were able to differentiate
to Sftpb+ progeny with less efficient induction of
Sftpc, by combined Wnt, FGF10, and keratinocyte
growth factor exposure followed by dexametha-
sone and cAMP.

Further work and the use of careful controls
will be necessary to characterize how closely
iPSC-derived lung-like epithelial lineages resem-
ble their in vivo counterparts. Fortunately, the
improving efficiencies of differentiation being
reported in these latest publications should make
it relatively easy to determine the reproducibility
and utility of these protocols for generating distal
and proximal lung lineages, allowing investigators
to precisely and rigorously test the cellular state of
maturation.
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Functional Assays of ESC-/iPSC-Derived
Putative Lung Lineages
Despite the rapid advances in deriving lung epi-
thelial lineages from hPSCs, the generation of
complex 3-D tissue structures composed of
mature lung epithelium or even functional organs
from these cells remains a high hurdle. Protocols
for directed differentiation to lung or other endo-
dermal lineages typically involves the culture of
cells as a monolayer. This approach does not
allow the study of organ morphogenesis or in
the case of the lung, testing the functional capacity
of most derived cell types. There is evidence that
transitioning to 3-D culture in an extracellular
matrix such as matrigel can improve the maturity
of hepatic, pancreatic, and more recently, lung-
directed differentiations (111–113).

Tissue engineering is rapidly emerging as an
approach for generating complex, multicellular
structures that might mimic functional lung
tissues. Tubes in the shape of upper airways, such
as trachea and bronchi, have already been engin-
eered in vitro and coated with various cell prepar-
ations, such as bone marrow derivatives, prior to
surgical grafting into selected patients suffering
from regions of tracheal or bronchial atresia
(114,115). Beyond the successful generation
of functional tubes able to conduct airflow, the
engineering of functional alveolar tissue for in
vivo use remains an unmet challenge. One excit-
ing approach recently published in animal models
is the use of “decellularized lungs,” where the
perfusion of animal lungs with detergents is used
to remove cells, leaving a 3-D scaffold comprised
solely of lung extracellular matrix (116,117).
These lung scaffolds have then been recellularized
with epithelial cell lines (A549 or C10) and endo-
thelial cells (116,117), mesenchymal stem cells
(MSCs) (118), whole lung cell suspension digests
(116), and even differentiated ESCs/iPSCs in
preliminary studies (104). The resulting recellu-
larized lungs can be ventilated and perfused
with blood and have had partial function, includ-
ing capacity for gas exchange, demonstrated
through a variety of physiological measurements.
Some investigators have even accomplished
orthotopic transplantation of these bioartificial
lung grafts into pneumonectomized rodents,
with partial function in vivo demonstrated
for a short time period (116,117). Adapting the
decellularization–recellularization approach to

construct 3-D lung-like tissues from human
ESCs/iPSCs has also recently been demonstrated
ex vivo (108) and remains an active area of
research, although clinical application of this
approach remains uncertain and will likely take
many decades to develop.

To date most reports on ESC-/iPSC-derived
lung cells have focused on attempting to generate
lung epithelial lineages. The complex multicellular
structure of the lung raises the question of whether
all lung lineages, including vascular, interstitial,
and immune, can all be derived clonally from a
single starting pluripotent stem cell. Developmen-
tally these lineages all appear to derive via the
mesodermal germ layer. Fortunately it has been
far easier to generate mesoderm from mouse and
human ESC/iPSC populations. Hence there is a
longer history of investigators successfully gener-
ating ESC-/iPSC-derived mesoderm with subse-
quent formation of a variety of leukocyte,
vascular endothelial, smooth muscle, and fibro-
blastic lineages (119,120). Whether any of these
lineages are lung specific remains uncertain,
although two recent reports have employed lung
disease–specific human iPSCs to generate macro-
phage and other leukocytic lineages to successfully
model pulmonary alveolar proteinosis, a disease
that results from defective alveolar macrophage
function (121,122). Adapting existing protocols
to generate lung-specific phenotypes of these key
mesodermal-derived lung vascular and interstitial
lineages has not yet been reported and will likely
be required to enable in vitro study of the
full diversity of lung lineages and 3-D tissues
engineered from ESCs/iPSCs. Codifferentiation
or cocultures of combinations of epithelial and
mesenchymal lung progenitors may also enhance
the development and maturation of the full diver-
sity of lung lineages by establishing microenviron-
ments and epithelial–mesenchymal signaling
niches that regulate normal coordinated develop-
ment of these tissues.

Summary and the Future
In summary, complex molecular mechanisms
coordinate lung development. Decades of careful
studies in insects, amphibians, and mammals have
uncovered conserved signaling pathways that lead
to lung specification and subsequent morphogen-
esis. High levels of Nodal signaling during gastru-
lation are required to specify DE. The DE then
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forms the gut tube, which is patterned along the
A–P axis into broad foregut (Sox2+, Hhex+) and
hindgut (Cdx1–4) domains. Signals from the car-
diac and splanchnic mesoderm progressively sub-
divide the foregut epithelium along its A–P and
D–V axes into organ domains. Lung specification
is first identified by the expression of Nkx2-1 in
the anterior foregut and is induced by the secre-
tion of Wnts, BMPs, and FGFs from the sur-
rounding mesoderm. Temporally and spatially
dynamic signaling interactions between the grow-
ing lung bud tips and the surrounding lung
mesenchyme results in branching morphogenesis
and proximal (Sox2+) and distal (Sox9/Id2+) pat-
terning. This complex reciprocal signaling involv-
ing FGF10, Wnt/β-catenin, BMP4, and Tgfβ
results in a signaling center at the distal lung bud
tips, which maintains the proliferation of distal
progenitors, promotes branching morphogenesis,
and represses Sox2+ proximal fate. The Hippo/Yap
pathway plays a role in defining the proximal–
distal boundary, and Notch is known to regulate
the further segregation of distinct cell lineages in
the proximal airway.

A crucial obstacle to confirming the role of
these pathways in human lung development is
the inaccessibility of this developmental time
point to study. iPSCs offer the potential to study
the molecular mechanisms of human develop-
ment in vitro. Though discovered relatively
recently, the generation of iPSCs is now well
and widely established. The emerging data from
this nascent field confirms that recapitulating
the key developmental milestones that regulate
lung development in vivo sequentially patterns
human iPSCs toward fetal lung epithelium. Fur-
ther careful work will be aimed at dissecting the
subsequent fate decisions involved in deriving
distinct cell types of the proximal and distal
lung epithelium and in generating cell types that
closely resemble their in vivo counterparts. An
in vitro platform to study lung development and
acquired/genetic lung disease using iPSC-
derived lung epithelium has many promising
applications from screening novel drug therap-
ies to ultimately generating functional, trans-
plantable lung tissue for patients with end-
stage lung disease.
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2
Early Development of the Mammalian
Lung-Branching Morphogenesis
KathleenM. Stewart and Edward E. Morrisey

Abstract
The lung is an essential organ for mammalian health throughout life and represents a critical
interface with the external environment in the regulation of gas exchange. To achieve these
goals the mammalian lung has evolved into a highly complex system of branching epithelial
and vascular structures that connects to a vast network of alveolar gas-exchanging units. The
generation of this complex organ involves multiple steps and encompasses events that span
prenatal and postnatal life. This chapter focuses on the mechanisms that regulate early lung
development and branching morphogenesis and the various signaling molecules, extracellular
matrix proteins, and genetic changes that influence this process. These research areas are
critical for understanding the various causes of respiratory disease, which are a major
contributor to morbidity and mortality at all stages of life.

Keywords:
Lung biology, branching morphogenesis, development, Wnt signaling, pulmonary biology,
respiratory system

Introduction
The formation of the respiratory system repre-
sents an evolutionary process critical for terres-
trial life. The lungs are the primary organ that
performs gas exchange between the external
environment and the cardiovascular system, and
their basic role in respiration is highly conserved
among vertebrates as divergent as amphibians
and mammals. The mature mammalian lung is a
highly complex structure comprised of myriad
endodermal- and mesodermal-derived cell lin-
eages that undergo a complex developmental pro-
cess to form a series of branched tubules (the
trachea, bronchi, and bronchioles) that conduct
air from the pharynx to a gas-exchange area at
terminal, bud-like structures, termed alveoli. The
distal alveoli are surrounded by a dense capillary
network that facilitates the exchange of oxygen
and carbon dioxide between the alveolar air
spaces and the pulmonary vasculature.

Normal lung development is determined by a
functional integration of genetic changes and
physical and chemical changes, including intra-
luminal fluid pressure and oxygen tension. Gen-
etic factors include (1) transcription factors that
directly modulate gene expression; (2) growth

factors and cytokines as well as their related intra-
cellular signaling components that mediate cell
proliferation, differentiation, migration and cell–
cell interactions; and (3) extracellular matrix com-
ponents that provide important environmental
cues that promote proper lung cell behavior. Lung
development has been the object of extensive
studies in recent years, resulting in the generation
of new insights into the origins of the various cell
lineages in the lung as well as the molecular path-
ways that regulate the development of these lin-
eages. In turn, this has led to insights into
important lung diseases including asthma and
chronic obstructive pulmonary disease (COPD),
as well as the lung’s response to acute injury. One
of the most remarkable aspects of lung develop-
ment is that although the organ arises from a
simple patch of anterior foregut endoderm
ensheathed with lateral mesoderm early in devel-
opment, it develops through an elegant morpho-
logical process into a highly structured and
complex organ. One of these processes, called
branching morphogenesis, is essential for gener-
ating the basic arborized three-dimensional struc-
ture of the airway tree, resulting in the extensive
surface area required for gas exchange in the
adult. The arborization of the airways serves
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multiple functions that include allowing for the
entering air to be warmed, moistened, and filtered
for particulates. In addition, the highly branched
network forms a large terminal gas exchange sur-
face in a spatially efficient manner.

This chapter will summarize the current
understanding of the major molecular pathways
required for branching morphogenesis during
lung development. Most of what is described
herein refers to mouse lung development because
of the genetic data available. Lung vascular devel-
opment and later events such as sacculation and
alveoli formation are not discussed in this chapter
but have been well reviewed previously and are
included in Chapter 3 (1–3).

Overview of Lung Development and
Branching Morphogenesis
Histologically, mouse lung development has been
divided into four chronological stages defined by
changes in the structure of the airway tubes and
morphologicalmodifications of epithelial cells. This
staging method for mice has been reviewed else-
where (4) and is briefly summarized as (1) the
embryonic stage (E9.0–E12.5), which includes the
specification of the respiratory endoderm followed
by the earliest stages of branching morphogenesis;
(2) the pseudoglandular stage (E12.5–16.5), when
the respiratory tree branches extensively to form the
arborized networks of airways that are patterned in
a proximal–distal manner; (3) the canalicular stage
(E16.5–17.5), where the parallel vascular network
begins to come into close apposition to the
branched airways; (4) the saccular stage (E17.5 to
approximately postnatal day 5 [P5]), when the ter-
minal sacs develop and there is an increase in vas-
cular complexity in the surrounding terminal sacs
and the first evidence of alveolar epithelial and
mesenchymal differentiation occurs; and (5) the
alveolar stage (P5–30), when the terminal sacs
develop into mature alveolar units, including the
development of primary and secondary septa. This
chapter will primarily focus on the morphological
and genetic changes that occur in the first half of
lung development, including the first two stages—
embryonic and pseudoglandular (E9.0–E16.5).

In the mouse, the respiratory system, including
the trachea and lungs, arises from the primitive
anterior ventral foregut at approximately embry-
onic day 9–9.5 in themouse (E9.0–9.5). The foregut
endoderm is multipotent and can generate several

organs, including the respiratory system, esopha-
gus, thyroid, and liver, and each of these organ
primordia is specified in a unique spatial region
along the anterior–posterior axis. Specification of
the early respiratory endoderm progenitors in the
anterior foregut is controlled by the action of many
signaling pathways, including Wnt, Retinoic acid
(RA), and Fgf (5). These pathways signal from the
surroundingmesoderm to activate the early respira-
tory endoderm program in the anterior foregut.
The ultimate result of these signaling pathways is
activation of expression of the transcription factor
Nkx2-1 specifically on the ventral side of the foregut
endoderm and restriction of Sox2 and Trp63
expression to the dorsal side (6,7). Within 24 hours
of this specification event, the ventral Nkx2-1+

endoderm undergoes a morphogenetic process that
leads to a pinching of the foregut endodermal tube
to give rise to two new tubes, the dorsal esophagus
that leads to the stomach and the ventral trachea,
which ultimately leads to the lungs. The trachea and
bronchial stalks extend to form the main bronchi, a
process completed by approximately E10.5 in the
mouse. At this stage the two primitive lungs are
fairly symmetrical buds that bulge outward into
the pleuroperitoneal cavity.

Growth and patterning of the airways is
accompanied by the elongation and repetitive
branching of the two lung buds, a process known
as branching morphogenesis. This generates an
arborized structure of airways with thousands of
terminal branches. Examination of the primitive
lungs shortly after the two initial buds form show
that at this early stage, the lung is relatively
simple, essentially two epithelial sacs, surrounded
by a fairly undifferentiated mesenchyme, which
together encompasses a lumen that is continuous
with the trachea. This lumen is maintained
throughout development of the lung and as such
presents a different model of branching morpho-
genesis from other branched organs such as the
salivary gland (8) and mammary gland (9).
Importantly, the subsequent branching process
in the mouse is also different from humans in
that the bronchial buds give rise to one left and
four right lung lobes, which are well established
by E12. During this stage of development, the
trachea completes its separation from the esopha-
gus. Moreover, the separation of the trachea from
the esophagus and the formation of the branching
lung appear to be distinct developmental pro-
cesses, as studies have demonstrated that lung
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bud formation still occurs even in the absence of
tracheal development (6).

As the lung epithelium continues to grow and
branch during the pseudoglandular stage, it
becomes patterned along the proximal–distal axis.
The proximal to distal patterning of the lung
epithelium is directed and maintained by molecu-
lar signaling between the mesenchyme and epi-
thelium through a number of signaling pathways,
including Fgf, Wnt, and BMP. Lung branching in
mice has been shown to be highly reproducible
and suggests that the process is genetically hard-
wired (10). Branching morphogenesis modes have
been classified into three types: domain branch-
ing, planar bifurcation, and orthogonal bifurca-
tion. These three types of branch formation
modalities are initiated at differing times
throughout lung development. Domain branch
formation occurs earliest in development and is
characterized by daughter branches budding from
the main bronchial tubule. Domain branching
establishes the underlying skeleton of the arbor-
ized respiratory tree that develops into the main
bronchioles of the lung. At the bud tips, the grow-
ing terminal bud expands, flattens, and undergoes
bifurcation, either within the plane of the parent
branch (planar bifurcation) or perpendicular to
the plane of the parent branch (orthogonal
bifurcation) (10).

Following the pseudoglandular stage, around
E16.5 in the mouse, branching morphogenesis
slows and reaches completion. During the canali-
cular (E16.5–17.5) and saccular stages (E18.5–P5),
terminal branches will narrow and then form
clusters of epithelial sacs that will later develop
into alveoli, which are the primary sites of gas
exchange in the lung. In addition the proximal–
distal patterning of the epithelium and mesench-
yme results in differentiation of more than 40 dif-
ferent cell types that constitute the mature,
functional lung. Importantly, throughout all
stages of endodermal development, the lung
mesoderm or mesenchyme develops and interacts
with the lung endoderm to promote branching
and cellular differentiation (11).

Transcription Factors in Branching
Morphogenesis
Lung development and branching morphogen-
esis are mediated by dynamic changes in gene

expression, which are controlled in part by the
expression and activity of lineage-specific
transcription factors. Multiple transcription
factor families are expressed in the lung
including members of the Nkx, Forkhead box
(Fox), Myc, and Gata families. Interestingly,
many of the transcription factors required for
development of the early foregut are reutilized
later in lung morphogenesis (12). Although
some of these transcription factors are highly
cell type specific, others are expressed in mul-
tiple tissue compartments in a distribution
pattern that changes during development. We
will briefly highlight the key transcription
factor proteins or family of proteins that are
currently known to play a critical role in
branching morphogenesis.

Fox Family Proteins
The Fox family of proteins plays an important
role in the regulation of cell differentiation, orga-
nogenesis, and gene expression in many organs,
including the lung. Foxa1 and Foxa2 are
expressed in the foregut endoderm before lung
formation and are expressed in an overlapping
pattern with Nkx2-1 in respiratory epithelial cells
during lung morphogenesis and in the mature
lung (13,14). Deletion of both Foxa1 and Foxa2
in mouse models inhibited cell proliferation, epi-
thelial cell differentiation, and branching (15).
Increased expression of Foxa2 in respiratory epi-
thelial cells perturbed branching and impaired cell
differentiation (14). Members of the Foxp family,
including Foxp1, Foxp2, and Foxp4, are expressed
in the developing and postnatal lung epithelium.
Foxp1/2 act in a redundant manner to regulate
early lung epithelial development, and a com-
bined loss of these two transcription factors leads
to disruption in the early branching program
(16). Foxp1/4 act in a redundant manner to regu-
late airway secretory cell differentiation by
repressing the goblet cell differentiation program
(17). Moreover, Foxp1/4 are essential for regener-
ation of secretory cells in the adult lung after
naphthalene-based injury (17). In the mesench-
yme, Foxf1 plays a critical role in embryonic
development, and severe lung malformations
were observed in Foxf1+/� mice (18,19). Muta-
tions in Foxf1 underlie an important congenital
lung disease called alveolar capillary dysplasia
(20–22).
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HOX Family Proteins
The HOX genes are a family of transcription
factors that act to specify regional identity along
the anterior–posterior body axis by regulating
specific downstream sets of effectors, which in
turn direct morphogenetic events (23). A subset
of HOX genes are expressed in the developing
lung, including Hoxa5 and Hoxb5, which have
been shown to be important for lung branching
morphogenesis. Hoxa5 null mice exhibit primary
lung defects leading to respiratory distress and to
partially penetrant lethality at birth(24, 25).
Hoxb5 null embryos show decreased branching
(26), which is thought to be due to downregula-
tion in tenascin-C, an extracellular matrix com-
ponent required for branching morphogenesis
(27, 28).

N-myc
N-myc is a proto-oncogene that is expressed
during the differentiation of several cell lineages
during mammalian embryogenesis and, when
overexpressed, participates in neoplastic trans-
formation in cancers. N-Myc null mice die
around e10.5 and fail to exhibit lung branching
morphogenesis (29–31). Further studies using a
hypomorphic mutation survive until birth but
later die due to a defect in lung branching mor-
phogenesis as observed by decreased alveolar sur-
face area and less branched airways (32). Lung
epithelial specific loss of N-myc leads to decreased
epithelial proliferation and differentiation with a
concomitant increase in apoptosis (33). In vitro
models have suggested that there may be import-
ant interactions between N-myc and growth
factors during lung morphogenesis, but further
research is needed to understand these
interactions (31,34).

Nkx2-1
Nkx2-1, also known as thyroid transcription
factor-1 (TTF-1), is the earliest known marker of
the specification of foregut endoderm into the
pulmonary and thyroid cell lineages, appearing
before formation of the definitive lung (35). Dele-
tion of Nkx2-1 in the mouse causes malforma-
tions of a variety of organs and is required for
branching morphogenesis in the lung, leading to a
loss of peripheral lung structures (36). Moreover,

mutations in the human Nkx2-1 gene have been
associated with respiratory failure in human
infants (37). Nkx2-1 interacts with a multitude
of regulatory proteins and transcription factors
that regulate surfactant homeostasis, vasculogen-
esis, host defense, fluid homeostasis, and inflam-
mation before birth (38). A large regulatory
network of genes and transcriptional programs
is regulated by Nkx2-1, and many of these are
essential for proper lung morphogenesis (12).

Epigenetic Influences on Lung
Morphogenesis
Histone Deacetylases
Emerging data from studies exploring the role of
histone deacetylases (HDACs) shows that these
chromatin remodeling factors play an important
role in regulating early lung development.
HDAC1 and HDAC2 are found in the same
macromolecular complexes including NuRD and
Sin3a. Combined loss of HDAC1/2 in the
developing lung endoderm leads to a complete
loss of the Sox2+ proximal endoderm progenitor
compartment (39). This results in the expansion
of the Sox9+ distal progenitor compartment and a
loss of branching morphogenesis. The role of
other HDACs in lung development awaits further
investigation.

Polycomb Complex
The polycomb repressive complex is a large mul-
tiprotein complex that is involved in gene repres-
sion. In the lung the polycomb repressive complex
2 (PRC2) component Ezh2 is widely expressed
during development (40). Loss of Ezh2 specific-
ally in the developing lung endoderm leads to a
dramatic expansion of the Trp63+ basal cell lin-
eage (40). Trp63+ basal cells are an important
stem cell lineage known to regenerate the pseu-
dostratified airway epithelium of the adult large
airways (41). In mice, Trp63+ basal cells are not
normally found underlying the airways during
lung development and are normally only observed
in large numbers in the postnatal trachea and
main stem bronchi. The expansion of Trp63+
basal cells after loss of Ezh2 in the developing
lung endoderm suggests that one role of the
PRC2 complex during development is to restrict
the basal cell lineage.
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miRNAs
MicroRNAs (miRNAs) are small, noncoding
RNAs that bind to the coding region of target
mRNAs to suppress translation and degrade the
mRNA. Emerging studies have identified miR-
NAs that are temporally and spatially regulated
within developing organs, including the lung (42–
44). Several clusters of miRNAs have been shown
to play an important role in balancing lung endo-
derm progenitor proliferation and differentiation.
The miR17–92 cluster is essential for lung devel-
opment, with loss of its expression leading to lung
hypoplasia (45). Conversely, increased expression
of miR17–92 leads to increased endoderm prolif-
eration and decreased differentiation (46). The
miR302–367 cluster is also important for promot-
ing lung endoderm proliferation and differenti-
ation. Loss of miR302–367 activity leads to
decreased proliferation and enhanced epithelial
differentiation, whereas increased expression
leads to a block in differentiation coupled with
increased proliferation (47). Recently miR-221
and miR-130a have been shown to regulate both
airway branching and lung microvascular devel-
opment (48). In these in vitro studies, increased
miR-221 or decreased miR-130a levels in lung
cultures both resulted in reduced airway branch-
ing. Identifying the specific miR targets that affect
branching morphogenesis is an area of intense
research currently.

Long Noncoding RNAs
Long noncoding RNAs (lncRNAs) have recently
been shown to play important roles in lung devel-
opment. Several hundred lncRNAs have been
identified in the mouse lung, and some of these
have been shown to regulate important molecular
processes during lung morphogenesis. One
lncRNA called Nkx2-1-associated noncoding
intergenic RNA or NANCI is located several kilo-
bases downstream of Nkx2-1 and has been show
to regulate the expression of Nkx2-1 (49). Import-
antly, there are lncRNAs located near many tran-
scription factors important for lung development
besides Nkx2-1, including Gata6, Foxa2, and
Foxf1 (49). Conversely, lncRNAs that are located
in gene deserts also play an important role. One of
these, called LL34, appears to regulate RA signal-
ing in lung epithelial cells (49). Given the large
number of lncRNAs expressed in the developing
lung, there are likely many more of these poorly

understood transcripts that regulate important
processes during lung development.

Signaling Pathways in Branching
Morphogenesis
As introduced earlier, branching morphogenesis
of the lung requires precise reciprocal signaling
from the epithelial and mesenchymal compart-
ments to regulate cell proliferation and differen-
tiation. This results in regional lung-specific gene
expression and proper patterning of the lineages
within the developing lung. Signaling factors
expressed in the distal lung mesenchyme such
as Fgf10 can induce ectopic branching from the
trachea of early mouse embryonic lung explants
as well as inducing expression of a complete
repertoire of genes specific to distal lung epithe-
lium (50–52). These findings emphasize the
importance of autocrine and paracrine factors
produced within the lung mesenchyme, which
are necessary and sufficient for lung branching
morphogenesis (Figure 2-1). Here we will briefly
summarize the key signaling pathways that are
known to regulate branching morphogenesis in
the developing lung.

Figure 2-1. Reciprocal interactions between the developing
lung endoderm and mesenchyme promote growth and
branching of the airways. The developing lung airways are
patterned in a proximal–distal manner with mesenchymal
factors such as Fgf10 promoting growth and branching at the
distal tip. Fgf10 and other mesenchymal factors act in concert
with endodermally expressed signaling pathways such as BMP,
Shh, and Wnt/β-catenin, which are all required for proper
branching and growth of the developing airways.
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Fgf Signaling
Fibroblast growth factors (Fgfs) and their recep-
tors (Fgfrs) regulate a wide range of biological
functions, including cellular proliferation, migra-
tion, and differentiation. Despite the numerous
Fgfs expressed in the lung, Fgf10 in the mesench-
yme and its receptor, Fgfr2b in the epithelium,
have emerged as the primary Fgf ligand/receptor
interaction required for branching morphogen-
esis in the lung (53). Fgf10 mutant lungs recapitu-
late the Fgfr2b mutants, with both mutants
displaying complete lung agenesis distal to the
trachea (54–56). Analysis of Fgf10 hypomorphs
revealed fewer and shorter branches with loss of
Fgf10 and complete loss of the accessory lobe. In
addition, conditional loss of Fgf10 in the lung
mesenchyme resulted in secondary branching
defects (57). Together these results demonstrate
a requirement for Fgf10 signaling in the initial
budding of the lung from the trachea and strongly
suggest a role for Fgf10 in later branching pro-
cesses. Fgf9 is another important signaling ligand
in lung development, as Fgf9 mutants showed
decreased lung branching and changes in epithe-
lial cell morphology (58).

Wnt Signaling
Nineteen Wnts are expressed in vertebrates, and
the expression patterns of 5 Wnts have been
characterized in the lung: Wnt2, Wnt2b, Wnt7b,
Wnt5a, and Wnt11. Wnt2 and Wnt2b are
expressed exclusively in the lung mesenchyme,
whereas Wnt7b is expressed exclusively in the
developing lung endoderm. Wnt5a is expressed
in both the developing mesenchyme and endo-
derm of the lung in a temporal specific fashion
(59,60). Loss of Wnt2 and Wnt2b, Wnt7b, and
Wnt5a, as well as loss of β�catenin (a down-
stream effector of Wnt signaling), all cause vari-
ous defects in lung development, establishing an
important role for this pathway in lung develop-
ment (61). The Wnt signaling pathway is acti-
vated when a Wnt ligand binds the Wnt
coreceptors, including frizzleds and Lrp5/6. There
have been at least five frizzled genes reported in
the mouse lung (62). Once the ligand–receptor
interaction has occurred, the canonical, or β-cate-
nin-dependent pathway and the noncanonical, or
β-catenin-independent pathways are activated.
Canonical Wnt signaling frequently effects cell

proliferation or cell fate specification; in contrast,
the noncanonical Wnt pathways control compon-
ents of cell migration and polarity that have
effects on tissue morphogenesis.

Wnt2 and Wnt2b are required in a combina-
torial fashion for lung endoderm specification.
Loss of Wnt2/2b leads to complete respiratory
organ agenesis, including loss of both trachea
and lung development and loss of Nkx2-1 expres-
sion (63). Loss of both Wnt2 and Wnt7b causes
loss of branching morphogenesis in the lungs
after their initial formation (64). Moreover,
Wnt2/7b double knockouts have significantly
reduced smooth muscle development. Additional
work is required to establish whether the defect in
branching morphogenesis with loss of Wnt2/
Wnt7b is due to the loss of smooth muscle or due
to unreported defects in the epithelium (64).
Wnt5a mutant animals have a very distinct defect
in lung development characterized by lung hyper-
plasia, increased proliferation, and overbranching
of the distal airways, without changes in cell speci-
fication (60). Overexpression of Wnt5a in the lung
epithelium causes decreased branching, shortened
outgrowth of new buds, and complete loss of the
accessory lobe (60).

The Wnt receptor Fzd2 plays a key role in
regulating epithelial cell behavior and tube
morphology necessary for formation of new
branch points during airway morphogenesis.
Fzd2 is essential for regulating changes in epithe-
lial cell shape and cell lengthening along the
apical–basal axis, which is critical for formation
of new domain branch points and maintaining
proper airway tube shape in the developing lung
(65). Loss of Fzd2 leads to decreased apical
expression of phospho-myosin light chain 2 indi-
cative of decreased Rho signaling, which is
required for thickening of the lung epithelium
prior to new branch formation (65).

Hedgehog Signaling
The canonical Hedgehog signaling pathway
involves binding of the hedgehog ligand to one
of the patched (Ptc) twelve-pass membrane pro-
tein receptors. Upon binding of hedgehog ligand
to Ptc, inhibition of smoothened by Ptc is
reversed, and Smo activates the Hedgehog path-
way. Sonic hedgehog (Shh) signaling is required
for branching morphogenesis and serves as a
paracrine signal that regulates smooth muscle
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differentiation in the lung mesenchyme (66,67).
Shh�/�mice have tracheoesophageal fistula and
simple cyst-like lung sacs that fail to branch,
although they exhibit some cell type specific
differentiation (66, 68).

BMP Pathway
Evidence from normal and targeted misexpres-
sion studies in mice further suggests that BMP4
a TGF-β family peptide, plays a role in embryonic
lung morphogenesis (69). Misexpression of BMP4
in Sftpc+ distal lung epithelium during develop-
ment results in lungs that are smaller than normal
with grossly distended terminal buds and large
air-filled sacs at birth (69). Developmental loss
of the BMP4 receptor BMPR1a leads to defects
in distal lung epithelial proliferation and survival,
and some of these defects are mimicked by loss of
BMP4 in the developing lung epithelium (70).

Influence of Extracellular Matrix on
Branching Morphogenesis
The ECM (extracellular matrix) is defined as the
diverse collection of proteins and sugars that sur-
rounds cells in all solid tissues. This tissue com-
partment provides structural support by
maintaining an insoluble scaffold, and this in turn
helps to define the characteristic shape and
dimensions of organs and complex tissues. The
lung ECM is primarily composed of collagen IV,
laminins, nidogen, and proteoglycans (71,72).
Although the ECM has historically been perceived
as performing a primarily structural and hence
biomechanical role, the ability of the ECM to
provide the contextual information responsible
for controlling both individual and collective cel-
lular behavior has been recognized in recent
years. Basement membrane components also play
a dynamic role as a barrier and reservoir of
growth factors, which in turn regulate epithelial
and mesenchymal cell proliferation and differen-
tiation. Absence or inhibition of the interaction of
epithelial cells with the basement membrane has a
direct consequence in the failure of normal lung
development (73,74). Moreover, proper expres-
sion and function of extracellular matrix (ECM)
molecules are necessary for branching to occur
normally. However, little is known about the role
of epithelial cell surface molecules that mediate
epithelial-matrix interactions during this process.

Collagens
Collagens are a large family of structural proteins
that are widespread throughout the body and are
important for a broad range of functions, includ-
ing tissue scaffolding, cell adhesion, cell migra-
tion, cancer, angiogenesis, tissue morphogenesis,
and tissue repair. Previous work has shown that
treatment with collagenase or inhibitors of pro-
collagen synthesis disrupts lung epithelial branch-
ing (75–77). Furthermore, Collagen IV, the pre-
dominant collagen in the developing lung, is
frequently found to be downregulated in mouse
models where lung branching morphogenesis is
perturbed (78). Together these data suggest a role
for collagens in promoting and maintaining
branching morphogenesis, and the direct mech-
anisms behind this influence are currently an
active area of investigation.

Laminins
Laminins (LNs) are a family of extracellular
matrix glycoproteins involved in cell adhesion,
migration, proliferation, and differentiation
during tissue development. LNs are composed
of three chains, one central (α) and two lateral
(β and γ) that are linked by disulfide bonds to
form a cross-shaped molecule (79).To date five
α, three β, and three γ chain isoforms have
been described, which suggests that their com-
bination can lead to approximately 30 variants
of LN (80–85). Mouse embryos with a mutated
LN α5 chain isoform die by E17.5, and their
lungs show poor lobe septation and bronchi-
olar branching, suggesting that this LN α
chain is indispensable for lung branching
morphogenesis (86–88). Antilaminin anti-
bodies were also shown to inhibit branching
morphogenesis of lung explants (89). The
mechanisms by which the branching epithe-
lium interacts with the extracellular matrix to
bring about this morphogenetic event are still
unknown. Several integrin cell surface recep-
tors that bind laminins may mediate the inter-
action between the matrix molecules and the
epithelium to promote lung branching
morphogenesis (90)

Integrins
Integrins are heterodimeric cell surface receptors
composed of a single α and β peptide subunit
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(91). The extracellular domains of integrins
interact with the ECM or other cell surface mol-
ecules, and some cytoplasmic domains have been
shown to interact with the cytoskeleton (92,93).
Within an integrin subfamily, a single β subunit
is able to form heterodimers with several α integ-
rins (91). The extracellular domain of the α
integrin confers the binding specificity for the
heterodimer, and the particular biological
response to binding is determined by the α sub-
unit cytoplasmic domain (94–96). Upon integrin
binding of components of the ECM, signals are
transduced that control diverse cell behaviors
such as cell adhesion and migration (97). Loss
of integrin alpha 3, which primarily associates
with laminins, results in reduced branching with
the large bronchi extending to the periphery of
the lung (78). Loss of integrin beta 1, which
primarily associates with collagens, results in
branching defects and a loss of proper formation
of a single-layered epithelium in the distal
branch points of the airway tree (98,99). These
results implicate a role for integrin receptors in

basement membrane organization and lung-
branching morphogenesis.

Summary and the Future
In this chapter we have given a brief overview of
the various genetic factors, signaling molecules,
and extracellular matrix components that contrib-
ute to branching morphogenesis in the lung. Des-
pite the increased understanding of the molecular
processes that regulate branching morphogenesis
and early lung development, the physical pro-
cesses that drive lung branching morphogenesis
are just beginning to be elucidated (100). New
advancements in imaging techniques, cell lineage
specific reporter tools, and development of com-
putational models for branching morphogenesis
will allow researchers to explore the dynamic
nature of this process in far greater detail than
in previous studies (101,102). Together these new
avenues of research will help unravel the systems
biology of branching morphogenesis at the both
the molecular and mechanical levels.
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Pulmonary Vascular Development
Timothy D. Le Cras andMarlene Rabinovitch

Abstract
The lung is the most vascularized organ in the body due to its primary function to perform
exchange of respiratory gases for the entire body. This chapter reviews the structure, develop-
mental origins, timing, and patterning of the arterial, capillary, venous, and lymphatic systems
in the lung as well as the main pulmonary arteries and veins that connect the heart to the lung.
Both the pre- and postnatal stages (phases) of pulmonary vascular morphogenesis are covered.
The relative importance of vasculogenesis versus angiogenesis in the initial formation of
pulmonary vessels is discussed as well as other potential mechanisms. Current knowledge of
cellular and molecular pathways and mechanisms that orchestrate and regulate vascular
morphogenesis are discussed, along with the relative contributions of endothelial cells, smooth
muscle cells, pericytes, and fibroblasts. The coordinate regulation of the pulmonary vascular
system with airway development is critical and is also reviewed. Responses of the pulmonary
circulation to injury and the potential for regression and regeneration of the lung vasculature
as well as unanswered questions and future directions in pulmonary vascular development are
also presented.

Keywords:
Vasculogenesis, angiogenesis, arteriogenesis, lymphangiogenesis, pulmonary vascular
development, lung development, lymphatic development, lung vasculature, vascular
structure, vascular function

Pulmonary Vascular Structure and
Function
Because the primary function of the lungs is to
perform exchange of respiratory gases for the
entire body, the pulmonary vascular system is the
most extensive of any organ due to the large sur-
face area that is needed. Pulmonary circulation is
formed by blood ejected from the right side of the
heart being delivered to the alveolar capillaries
through an extensive system of conducting arteries
and arterioles (Figure 3-1). A similarly elaborate
venous system returns the oxygenated blood to the
left side of the heart. The pulmonary lymphatic
system collects and returns interstitial fluid to the
circulation and in addition contains an extensive
system of lymph nodes. Last, to support the mul-
tiple large airways and their branches, there is also
a systemic bronchial circulation. This system
appears rather later in development (after the
ninth week of gestation). An extensive network of
vasa vasorum exists in the adventitia of the pul-
monary arteries.

The vessels of the pulmonary vasculature are
generated during fetal lung development through
branching processes. Further development and

remodeling occurs after birth during the postnatal
phase of lung morphogenesis and also as the lungs
grow throughout childhood to match and support
the increase in size of the body. This chapter will
focus on the patterning and development of the
arterial, capillary, venous, and lymphatic systems
in the lung as well as the main pulmonary arteries
and veins that connect the heart to the lung.

Figure 3-1. Casts of the airway (yellow/white), arterial (red)
and venous (blue) systems in the human lung. Courtesy of Prof.
Ewald Weibel, Institute of Anatomy, University of Berne.
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Current knowledge of cellular and molecular
pathways that orchestrate and regulate vascular
morphogenesis will be discussed. Coordinate
regulation of the pulmonary vascular system with
airway development will also be introduced.
Detailed information on the stages and regulation
of airway morphogenesis is presented in Chapter 2
and will not be repeated here. For a long period of
time the main period of pulmonary vascular
development was believed to occur principally
during the third canalicular stage of lung mor-
phogenesis. As will be discussed later in this chap-
ter, with transgenic mice that utilize endothelial
specific markers (1) vascular morphogenesis actu-
ally starts much earlier in the embryonic phase as
the lung buds develop from the foregut
endoderm.

Before discussing pulmonary vascular devel-
opment, it is important to understand the struc-
ture of the mature vascular system that is
generated. The pulmonary arterial system in the
adult lung is highly extensive and extremely com-
plex and for the most part mirrors the airway
system (Figure 3-1). The venous and lymphatic
systems are similarly complex but have different
patterning and locations within the lung. While
the airways conduct air in and out through the
same system, the vascular system conducts blood
in and out through different systems with the
arterial system bringing deoxygenated blood from
the right side of the heart to the alveolar capillary
surface and the venous system returning oxygen-
ated blood to the left. Like the airways, the vascu-
lar systems are highly stereotyped and have
similar branching patterns from individual to

individual, indicating that regulation of the pat-
terning of these systems is robust and reprodu-
cible (Figure 3-2). The development of the
pulmonary vascular system is closely coordinated
with the airways. Genes and molecular pathways
that play a role in airway epithelial to mesenchy-
mal signaling are discussed later in this chapter as
each of the vascular systems is reviewed. The
geometry of the airway and vascular systems are
tree-like in structure (Figures 3-1 and 3-2) and are
proposed to be fractal in nature, so their gener-
ation is likely governed by simple recursive rules,
probably involves simple iterative processes, and
possibly involves the interaction of only a few
pathways and genes/proteins (2).

In addition to the complex three-dimensional
branching structure of the pulmonary circulation,
the caliber and vessel wall structure varies consid-
erably depending on the size, location, and to
which system the vessel belongs. The tapering
caliber and branching pattern of the arterial
system in the adult mouse lung is shown in
Figure 3-2. The diameter of the pulmonary arter-
ies varies considerably from proximal to distal
arteries. The cellular and molecular structure of
the vessel wall as well as the vessel patterning
must be carefully regulated so that hemodynamic
forces are accommodated, especially because large
changes in hemodynamics occur with exercise. In
addition to regulation of branching patterns of
the vascular and airway systems and the structural
changes in the walls of these systems, the develop-
ing lung must fit within the constraints of the
chest and be connected to the heart and upper
respiratory tract, respectively.

Figure 3-2. Arteriogram of the whole adult mouse lung (left panel). Arteriograms of left lungs from three adult mice (right
panel). Barium mixed with gelatin were instilled into the main pulmonary artery and the lungs inflation fixed. X-ray images
were then obtained. Provided by T. D. Le Cras.
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Development of the Pulmonary
Arteries
Structure, Origins, Timing, andPatterning
It is widely accepted that the airways act as a
template for vascular morphogenesis in the lung,
especially as the developing arteries align with the
conducting airways as they undergo branching
morphogenesis. The timing and naming of the
stages of lung morphogenesis relied heavily on
the histologic appearance of the developing
airways. Hislop (3) developed a matching scheme
outlining the timing and stages of pulmonary
vascular development relative to airway morpho-
genesis (Figure 3-3). The arteries that run along-
side the conducting airways are referred to as
conventional arteries and extend out to the
respiratory bronchioles and alveolar ducts (3).
Supernumerary arteries arise from the conven-
tional arteries and lead in a direction away from
the conducting airways to supply the alveolar
regions (Figure 3-4). The main (extra) pulmonary
arteries and veins that connect the heart to the
pulmonary circulation were originally thought to
develop by angiogenesis, sprouting off the heart
and growing into the developing lungs (4). How-
ever, there is also evidence that they may form by
vasculogenesis, as had already been reported for
the aorta (5). Further discussion of this occurs
later in the chapter.

Two major processes are believed to account
for the development of pulmonary vessels. One is

vasculogenesis, the de novo formation of vessels
by differentiation of mesoderm progenitor cells
into endothelial cells. Expression of specific genes,
including VEGFR2 (Flk-1), CD31 (PECAM), and
Sox-17 (see later), defines these cells as well as
their location and the structures they form. Stud-
ies suggest that early/primitive endothelial cells
come together to form primitive tubes or sinus-
oids. The second process by which vessels are
formed is called angiogenesis. In this process
new vessels are formed by branching or sprouting
from a preexisting vessel. Angiogenesis still
occurs in adult organs (although vasculogenesis
is not believed to occur) and is one of the key
processes that permits tumors to grow. However,
it is uncertain if vasculogenesis occurs outside the
periods of organogenesis. The relative contribu-
tion of these two processes to pulmonary vascular
development and the timing has been the cause of
some debate. Early attempts to answer these ques-
tions in the mouse lung were approached using a
variety of injection techniques to generate vascu-
lar casts and angiograms as well as histology (4).
DeMello and colleagues (4) suggested that vascu-
logenesis occurs in the peripheral lung to form
blood lakes and that angiogenesis is the primary
process in the proximal lung that forms the main
arteries and veins. They also reported that
branching of the airways and vessels is relatively
synchronized, although branching of the vascula-
ture is slightly behind the airways. Using their
injection techniques, they did not detect fusion
between the developing central and peripheral

Figure 3-3. Stages and timing of
airway and arterial development in
humans. Reprinted with permission
from A. Hislop, Paediatric Respiratory
Reviews, 2005;6(1):35–43.
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vascular systems until E13–14 in the mouse, and
only by E17 was an extensive network present.
The concept of peripheral vasculogenesis generat-
ing the distal vessels and central angiogenesis the
main vessels developed from this report (6).

The identification of genes and molecular
markers of early endothelial cells enabled trans-
genic reporter mice to be developed to facilitate
the characterization of pulmonary vascular devel-
opment. The VEGF receptor 2 (VEGFR2) also
known as fetal liver kinase1 (Flk) is an early
marker of endothelial cells and is required for
endothelial cell differentiation and vasculogenesis.
Schachtner and colleagues (1) used transgenic
mice with the β-galactosidase gene (LacZ)
knocked into the Flk gene locus to identify newly
differentiating endothelial cells in the embryonic
mouse lung. Their analysis started at E10.5, soon
after the lung buds appear, and then continued

the analysis through pre- and postnatal develop-
ment and into the adult lung. Their study demon-
strated that vascular development occurs at the
earliest stages of lung development, in the embry-
onic phase as the lung buds first develop.
A primitive vascular plexus or “halo” of differen-
tiating endothelial cells formed around each
airway bud as it emerged into the underlying
splanchnic mesenchyme. In addition to the primi-
tive vascular plexus forming around the airway
buds, they also showed that the main pulmonary
artery was already forming at E10.5 and had at
least a partial lumen. This was much earlier than
previously thought, and the developing pulmon-
ary artery was already contiguous with the aortic
sac of the heart at E10.5. Because differentiating
endothelial cells forming the pulmonary artery
could already be seen prior to the formation of a
complete lumen, Schachtner and colleagues (1)
further suggested that vasculogenesis is the prin-
cipal mechanism by which proximal arteries are
formed, rather than angiogenesis, similar to the
aorta that also forms initially by vasculogenesis.

The study by Schachtner et al. (1) highlighted
three important concepts in pulmonary vascular
development: First, vasculogenesis is the initial
process giving rise to the main pulmonary artery
that connects the heart to the lung. Second, vas-
cular development in the lung occurs early as the
lung bud emerges and so is already well underway
by the canalicular stage of lung morphogenesis.
Third, pulmonary vascular development con-
tinues through all stages of lung morphogenesis.
However, the relative contribution of vasculogen-
esis versus angiogenesis to pulmonary vascular
development is still not conclusively resolved,
and a third mechanism of new vessel formation
has also been proposed: Intussusceptive angiogen-
esis is a process by which new vessels are gener-
ated from existing vessels through the formation
of tissue pillars that divide or split the vessel (7).
The role of this process in pulmonary vascular
development is unclear.

As lung morphogenesis proceeds from
E10.5–13.5 in the mouse and the lung buds con-
tinue to branch into the splanchnic mesenchyme,
extensive endothelial plexuses form around each
epithelial bud, including apparent lumens that
contain red blood cells (1) (Figure 3-5). Extension
of the vascular plexus continues from the embry-
onic phase through the end of the pseudoglandu-
lar phase. Further analysis of Flk-LacZ mice

Figure 3-4. Casts of the airway (yellow/white) & arterial (red)
systems in the human lung shows close coordination between
airway and arterial structure. Arrows indicate supernumerary
pulmonary arteries coming off the main conventional arteries
and supplying the alveolar regions. Courtesy of Prof. Ewald
Weibel, Institute of Anatomy, University of Berne.
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showed that the distal vascular plexus expands
and refines so that by E12.5 and E13.5, an exten-
sive system of channels has formed a few cell
layers away from the epithelial tubes (1).

Immunostaining for Sox-17, one of the Sox
family of transcription factors, also suggests that
the process of vasculogenesis plays an important
role in the distal lung mesenchyme. Sox-17 marks
the differentiation of primitive cells in the
mesenchyme into endothelial cells at E12.5 that
have not yet formed a lumen (Figure 3-6). In
addition, Sox17 expression is also in endothelial
cells that have formed primitive tubes and contain
red blood cells. In Figure 3-6, showing further
immunostaining for Sox17, endothelial cells align
with and form vessels with lumens around the
developing airways. From E12.5–15.5 the vascular
network becomes increasingly more complex and
organized with a circulation already present,
including veins. By the end of the pseudoglandu-
lar phase, all the preacinar arteries and veins have
formed (3). The saccular and alveolar phases of
lung morphogenesis are characterized by exten-
sive changes in the terminal airways to give rise to
alveolar ducts and alveoli, the gas exchange struc-
tures of the lung. In parallel there is extensive
development of a capillary bed in the distal lung

and around the alveoli. Once again this was beau-
tifully shown in the Flk-LacZ mice (1). These later
stages are also characterized by thinning of the
mesenchyme and epithelial layers to create the
thin interface between distal airways and the
capillary system.

After formation of a primary vascular plexus,
the patterning of the arteries, veins, and lympha-
tics is generally thought to occur in a proximal to
distal fashion. One of the best examples of this is
the recruitment of smooth muscle around the
arteries (and airways) first proximally but then
extending more distally as lung development pro-
ceeds. These developing vessels also remodel,
laying down a vital extracellular matrix in very
coordinated layers and with an exact composition.
This secondary stage in vascular morphogenesis is
vital, as if it is not done correctly, vascular leak
and/or hemorrhage can result. Depending on the
location and diameter of the artery, the variable
thickness, and composition of the arterial wall,
and there may be one or more layers of smooth
muscle cells (8). Another important cell type in
the vessel wall is the fibroblast. Fibroblasts are
derived from mesenchymal cells and can be abun-
dant in the outer walls of vessels, especially prox-
imal arteries, where they form the so-called

Figure 3-5. Immunofluorescent
staining of fetal mouse lung embryonic
day 12.5 (E12.5) showing epithelial cells
in green (TTF-1/NKX2.1), endothelial
cells in red (endomucin), and smooth
muscle cells in purple (smooth muscle
α-actin). Provided by J. M. Shannon.

38

Fetal and Neonatal Lung Development



adventitial layer along with extracellular matrix.
The relative number of cells and thickness of the
smooth muscle (medial layer; and fibroblasts
(adventitial layer) varies considerably between
proximal and distal vessels. At the level of the
capillaries, most studies suggest that pericytes
are the primary support cells.

Recently a study by Peng et al. (5) examined
the origins and development of the pulmonary
arteries and veins that connect the lung to the heart
(Figure 3-7). They examined development of these
major vessels in a lung agenesis model created by
deletion of β-catenin from the anterior foregut
(AFG) endoderm. They showed that the pulmon-
ary arteries and veins still develop in the absence of
lung development and intersect in the region
where the lung normally forms. In β-catenin
knockout mice, the main pulmonary arteries and
veins persisted through embryonic development,
although they did not branch or develop further.
What is especially important about this study is
that Peng and colleagues used lineage tracing and
conditional gene deletion experiments to identify a
common population of cardiopulmonary progeni-
tor (CPP) cells that give rise to the mesenchymal
cells of the cardiac inflow tract and the lung,
including proximal endothelial cells, vascular
smooth muscle cells, and pericyte-like cells as well
as airway smooth muscle (Figure 3-7). These find-
ings are consistent with suggestions by Hall et al.
(9) that airway and vascular smooth muscle cells

have a common origin. Peng et al. (5) further
suggested that endothelial cells in the distal capil-
laries (in the alveolar regions) are not derived from
CPP cells, but from a different population of
mesenchymal progenitor cells that express VE-
cadherin. When it comes to alveolar development,
there is ample evidence that it is driven by the
architecture of the capillaries as reviewed in (10).

Cellular and Molecular Mechanisms
The developing airways are thought to play a
major role in the regulation of pulmonary vascu-
lar morphogenesis. As mentioned earlier, pul-
monary arteries closely follow the conducting
airways, and the lung epithelium is a source of
important paracrine factors, including sonic
hedgehog and vascular endothelial growth factor
(VEGF; see following), whose cognate receptors
are located in the mesenchyme. In the following
sections we will discuss factors that are known to
regulate development of the pulmonary arterial
system. Many more genes/factors have been iden-
tified as regulating vascular development in other
organs or animal models that do not participate
in lung development. In addition, mice in which
many of the genes for these vascular factors have
been inactivated die prior to or during the early
stages of lung morphogenesis, and so the specific
role that these factors play in pulmonary vascular
development remains unclear.

Figure 3-6. Immunostaining shows differentiation of mesenchymal cells into Sox-17 positive endothelial cells (black) in the mouse
lung at embryonic day 12.5 (E12.5). Left panel shows a high-power picture of Sox-17 positive cells (black nuclei) where no patent
vessel appears to be present, as well as Sox-17 positive cells, where small vessels contain red blood cells. Right panel shows a lower-
power image of E12.5 mouse lung with the location of Sox-17 positive cells (black) in the mesenchyme around the developing
airway in the center. Provided by J. A. Whitsett, S. Wert, and T. D. Le Cras.
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Sonic Hedgehog and Patched: Sonic hedgehog
(Shh) has a critical role in early patterning of the
lung and branching morphogenesis. Shh is
expressed at high levels in the distal tips of the
epithelium. The receptor for Shh is patched (ptc),
and it is expressed at high levels in the lung
mesenchyme. Overexpression of Shh in the distal
epithelium increased proliferation of mesenchy-
mal and epithelial cells and resulted in an abun-
dance of mesenchyme (11). These and other
studies (12) show that Shh plays an important
role in regulating mesenchymal and epithelial cell
populations and patterning of the lung. However,
whether Shh directly induces angioblasts and or
endothelial cell differentiation or patterning of the
vascular network in the lung mesenchyme is
unclear. In the study by Peng et al. (5), an import-
ant role for Shh was identified in development of
the main pulmonary arteries and veins that con-
nect the heart to the lung. The vascular plexus was
disorganized and also failed to connect to the
heart in Shh–/– mice. Shh is expressed in the
anterior foregut (AFG) adjacent to the cardiac
inflow tract and at the time that pulmonary vas-
cular development is first initiated. Gli is a down-
stream effector of hedgehog signaling and is

expressed in CPP cells along with Wnt2 and Isl1.
Inactivation of smoothened (Smo), which is
important for Shh signaling in CPP cells, also
disrupted pulmonary vascular plexus formation.
Hence, this important study (5) suggests that Shh
from the AFG signals to CPP cells to promote
formation of the vascular plexus and also connec-
tions of the pulmonary arteries and veins to the
outflow and inflow tracts of the heart.

Fibroblast Growth Factors: Fibroblast growth
factors (FGFs) are important for induction of the
primitive mesoderm in the early embryo. In
Xenopus embryos, which lack FGF receptor-1
activity, vasculogenesis is inhibited, and endothe-
lial cells are not induced (13). In the quail embryo,
FGF-2 induces the formation of angioblasts, vas-
cular patterning, and expression of the VEGFR2
receptor, Flk (14,15). FGF-2 may play an import-
ant role in the induction of angioblasts, which are
subsequently responsive to VEGF. FGF-2 is
expressed in epithelial and mesenchymal cells of
lungs from midtrimester human fetuses (16).
Although FGF-1, -2, -7, -9, -10, and -18 are
expressed in the developing lung [reviewed in
(17)], the role of these FGFs, and especially
FGF2, in regulating angioblast induction in the

A.

D.

C.

F.

E.

B.

Figure 3-7. Panel A: The schematic shows the large pulmonary arteries (PA) and pulmonary veins (PV) in relation to the developing
esophagus (E), outflow tract (OFT), and atrium (AT) of the heart and the lung (L) at E10.5 in the mouse. Panel B: The PA and PV still
develop in ShhCre Ctnnb1flox/flox mutants, despite the absence of lung specification. Panel C: Schematic depicts lung and cardiac
mesodermal lineages, overlap, and molecular markers (Isl1 and Nkx2.5, respectively) in relation to the anterior foregut (AFG). Panel D:
Schematic shows how sonic hedgehog (Shh) produced by the AFG endoderm stimulates cardiopulmonary mesoderm progenitor
cells (orange zone) to form the pulmonary artery (PA) and pulmonary veins (PV). Panel E: The schematic shows how the different
lung mesenchymal cell populations develop from cardiopulmonary mesoderm progenitor (CPP) cells. Panel F: Schematic shows the
vascular structures formed from cardiopulmonary progenitor (CPP) cells. LB, lung bud; E esophagus; A, atrium; OFT, outflow tract; SV,
sinus venosus. Reprinted with permission from Peng et al. Nature. 2013;7464(5):589–592.
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splanchnic mesenchyme and pulmonary vascular
development remains unclear. Cardiac mesoderm
may be important for patterning the foregut
endoderm from which the lung buds arise, poten-
tially through FGF-1 and -2 (18). Whether cardiac
mesoderm induces angioblasts in the splanchnic
mesoderm via FGF2, and so initiates pulmonary
vascular morphogenesis, is unclear.

Vascular Endothelial Growth Factors:
Vascular endothelial growth factors (VEGF) are
a family of factors that contribute to vessel devel-
opment and function in a number of organs (19,
20). VEGF-A stimulates vasculogenesis and
angiogenesis through its stimulatory effects on
the differentiation and growth of endothelial cells.
VEGF gene ablation in mice causes severe cardio-
vascular abnormalities and is embryonic lethal.
Even heterozygous mice die at E10.5, with abnor-
mal spatial organization of vessels and impaired
differentiation of endothelial cells. Hence, even a
moderate deficiency in VEGF may be detrimental
to lung development and function. VEGF acts
through two receptors, VEGFR1 (flt-1) and
VEGFR2 (Flk or KDR in humans). The VEGFR2
is an early marker of angioblasts and is vital for
both promitotic and prosurvival effects of VEGF
on endothelial cells. VEGF plays an important
role in the differentiation of angioblasts into
endothelial cells (21). There are several isoforms
of VEGF that are generated by alternative splicing
from a single gene (22). Differential expression of
these isoforms reflects distinct functions during
vascular development (23). The larger isoforms,
including VEGF 206, 188 and 164, bind to hep-
arin proteoglycans and extracellular matrix and
are not as freely diffusible as the smaller VEGF
120 isoform. VEGF 164 has intermediate proper-
ties as it can diffuse as well as bind to heparin
proteoglycans (20). During the early pseudo-
glandular stage of lung morphogenesis in mice,
VEGF expression is diffuse and present in both
mesenchyme and epithelial compartments (24).
As development proceeds, VEGF expression
becomes increasingly restricted to the epithelium,
and by E13-15 VEGF expression is most intense
in the tips or leading edges of the branching
airways, where it stimulates vascular morphogen-
esis in the surrounding mesenchyme (24).

In the saccular phase (E18 onward) and post-
natally, VEGF expression becomes restricted to
the distal lung epithelium and specifically alveolar
type II cells (23,24). Analysis of the different

isoforms of VEGF-A show that expression levels
of VEGF 164 and 120 are relatively constant
throughout pre- and postnatal phases of lung
morphogenesis. VEGF 188, however, has low
expression early and then increases from E13
through birth, remaining high after birth even
into adulthood (23). The relative importance of
the larger VEGF isoforms has been explored in
mice in which VEGF 188 and 164 were deleted
leaving only VEGF 120 (20,25). VEGF 120 defi-
cient mice developed to term, but died at birth
with abnormalities in pulmonary vascular devel-
opment (23,25). The role of VEGF after birth was
studied by Gerber and colleagues (26) by condi-
tionally deleting the VEGF-A gene and treating
newborn mice with a soluble VEGF receptor. In
both cases, the mice failed to thrive, and morpho-
genesis in many organs, including the lung, was
disrupted. Inhibition of VEGF receptor signaling
in newborn rats also disrupted postnatal vascular
and alveolar formation, underscoring the
interdependency between vascular and airway
development, at least in the final postnatal phase
of lung development (27). It is apparent that strict
control of VEGF levels in the lung is crucial for
normal vascular development and function.
Although loss-of-VEGF function is highly detri-
mental, prenatal overexpression of VEGF-A164

also disrupted lung morphogenesis (28,29), and
postnatally elevated VEGF-A164 levels caused pul-
monary vascular leak and alveolar hemorrhage
(30). VEGF-D is also expressed in the developing
lung and the distinctive patterns of VEGF-A
and –D expression have been suggested to repre-
sent the unique functions that these different
forms of VEGF play in lung development (31).
VEGF-D and-C bind to VEGFR-3 and play an
important role in lymphatic development.

Epidermal Growth Factor Receptor and
Ligands: The epidermal growth factor (EGF)
receptor (EGFR) and its ligands, transforming
growth factor-α (TGF-α), EGF, heparin-binding
EGF, and amphiregulin, contribute to epithelial
development, maturation, and repair. There are
conflicting reports on the roles of EGFR ligands
in vascular development. In the hamster cheek
pouch assay, TGF-α and EGF were found to
be potent proangiogenic factors (32). However, in
the avian embryo, TGF-α and EGF reduced the
hemangiopoietic potential and endothelial cell
migration from the splanchnopleural mesoderm
(33). In the lung, overexpression of TGF-α and
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activation of EGFR signaling disrupt airway and
vascular morphogenesis prenatally and postnatally
(34–36). Lung development in TGF-α null mice
appears normal, and interestingly, the mice are
protected from the harmful effects of agents like
bleomycin that induce pulmonary fibrosis (37).
Knockout of the EGF and EGFR genes in mice is
fetal lethal early in development, so their role in
pulmonary vascular development remains elusive.

Angiopoietins and Tie Receptors: Tie1 and
Tie2 (Tek) belong to a family of tyrosine kinase
receptors that are specifically expressed by endothe-
lial cells, including early in vascular development
(38). The ligands for Tie receptors are the angio-
poietins (Ang) and can have similar structures but
also different and opposing effects on vascular
development. Although angiopoietins can stimulate
angiogenesis in vitro, most in vivo studies indicate
that the angiopoietins and the Tie receptor system
play more of a role in the secondary stages of vessel
formation, that is, vessel assembly, remodeling, and
maturation. The role of the angiopoietins and Tie
receptors in lung development is unclear because
gene deletion causes embryonic lethality at
E10.5–12.5, during the early stages of lung develop-
ment. Expression of Ang1 is altered in pulmonary
diseases, including upregulation in patients with
pulmonary hypertension (PH) and may play a role
in the disease pathogenesis because increases in
Ang1 in an animal model caused PH (39,40). Ang
1 is downregulated in infants with congenital dia-
phragmatic hernia (CDH), consistent with the pul-
monary hypoplasia in these patients (41). However
the role of the Ang/Tie system in pulmonary vascu-
lar morphogenesis remains uncertain.

Notch System: The Notch system regulates cell
fate decisions in all three germ layers and plays
important roles in neural, retinal, limb, heart, and
vascular morphogenesis, as well as hematopoiesis
(42). Four notch receptors have been identified,
and ligands include Jagged 1–2 and Delta-like 1, 3,
and 4. Deletion studies show that although the
Notch system and its downstream signaling mol-
ecules are not necessary for vasculogenesis, they
are essential for correct remodeling of the early
vascular plexus. In mice loss of Notch 1 and 4, or
Jagged 1 results in severely disorganized vascula-
ture and is lethal at E9.5–10.5 (43, 44). Studies in
zebrafish have shown that the Notch system is
also involved in arterial–venous specification
(45, 46). In early development the Notch recep-
tors and ligands are expressed throughout the

developing vascular system, but later expression
becomes restricted to the arterial system. In zeb-
rafish a hierarchical system has been determined
in which Shh regulates VEGF-A and VEGF-A
regulates Notch. Loss of gridlock, which is down-
stream of Notch signaling, caused loss of the
arterial markers such as ephrinB2 and increased
expression of the ephrin receptor EphB4, a venous
marker. In mammals, arterial specification may
be regulated by VEGF-A acting though Notch and
ephrins and Hey1 and 2 that are downstream of
Notch (47). Deletion of Hey 1 and 2 as well as
Notch 1 in mice blocked vascular remodeling and
caused loss of arterial markers, including ephrin
B2 (48). Notch 3 plays an important role in arter-
ial differentiation and maturation of vascular
smooth muscle cells (49). Notch 1, 2, and 3 as
well as Jagged-1 and-2 are expressed in the
developing lung (50). Notch-1 and Jagged-1 and
-2 are expressed in both the epithelial and
mesenchymal compartments at E14. Although
inhibition of Notch-1 expression in fetal lung
explant cultures, but not -2 or -3, increased epi-
thelial branching, effects on vascular morphogen-
esis were not reported. In the lung Notch-2 is
regulated by one of the Foxhead box (Fox) tran-
scription factors, Foxf1 (51). The role of Notch
signaling in pulmonary vascular morphogenesis
remains poorly understood.

Transforming Growth Factor-β, endoglin,
Activin Receptor Kinase, and Bone Morphogenic
Proteins (BMPs): The transforming growth
factor-β (TGF-β) superfamily includes the three
isoforms of TGF-β, activins, inhibins, growth and
differentiation factors as well as the bone mor-
phogenic proteins (BMPs). Heteromeric com-
plexes of two types of serine/threonine
transmembrane kinase receptors bind TGF-β
superfamily members and activate downstream
Smad proteins. TGF-β plays a vital role in vascu-
logenesis and angiogenesis, as well as differenti-
ation and maturation of new vessels (52, 53).
Activated TGF-β is released by endothelial cells
on contact with pericytes. TGF-β inhibits endo-
thelial proliferation and stimulates recruitment
and differentiation of mural cells, such as peri-
cytes and smooth muscle cells. TGF-β also stimu-
lates deposition of extracellular matrix that is
critical for the structure of larger vessels. Endoglin
is an auxiliary receptor that interacts with type II
receptors for TGF-β and activin. Loss of endoglin
in mice causes a similar phenotype to loss of
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TGF-β, suggesting that endoglin is necessary for
TGF-β signaling during vascular development
(54). Endoglin expression is seen very early in
endothelial cells throughout the developing
embryo and is strongly expressed in lung
mesenchyme (55). Expression of endoglin and
Alk1 are similar, and Alk-1, one of the seven type
I TGF-β receptors, is expressed by endothelial
cells and is critical for the effects of TGF-β on
vascular development (56). Alk-1 null mice die in
midgestation from vascular defects characterized
by excessive fusion of the capillary plexus into
cavernous vessels, hyperdilation of larger vessels,
and defective recruitment and differentiation
of smooth muscle cells (56,57). The role of TGF-
β in vascular development may be more complex
than was initially appreciated. In proximal tubular
cells from the kidney, TGF-β regulates expression
of VEGF-A, and angiostatic factors,
thromospondin-1 (TSP-1), and the soluble VEGF
receptor, sFlt-1 (58).

BMPs play important roles in vascular devel-
opment, and BMP receptors are expressed by
endothelial and smooth muscle cells. BMP-2/4,
BMP-5/7, and Smad1 and-5 deficient mice have
enlarged vessels and reduced numbers of smooth
muscle cells (59). BMP6 is expressed by endothe-
lial cells and smooth muscle cells and stimulates
endothelial cell migration and tube formation
through induction of Id1 a helix-loop-helix tran-
scription factor that can repress expression of
thrombopsondin-1 (TSP-1) that is a potent
inhibitor of angiogenesis (60). In the lung most
studies have focused on BMP4, as it plays an
important role in epithelial–mesenchymal inter-
actions [reviewed in (17)]. Early expression of
BMP4 is in the splanchnic mesoderm near the
location where the lung buds arise from the fore-
gut endoderm, and then later BMP4 expression is
in the proximal mesenchyme and distal epithelial
tips. However, whether BMP4 directly regulates
pulmonary vascular morphogenesis is unclear.
Mutations in the BMPRII receptor gene have been
linked to pulmonary vascular diseases such as
familial pulmonary arterial hypertension (FPAH),
principally seen in adults (61). Interactions
between BMPs and the Notch system have been
reported, in that BMPs blocked the inhibitory
effects of Notch signaling on endothelial cell
migration (62). BMPs signal in pulmonary arter-
ial endothelial cells and smooth muscle cells by
activating downstream effectors of the Wnt

signaling pathway. In endothelial cells (63), BMPs
activate β-catenin and PPARγ to form a complex
that regulates downstream genes in endothelial
cells such as apelin that are important in angio-
genesis (64). In smooth muscle cells, BMPs tran-
siently activate β-catenin to regulate downstream
genes that influence migration (65).

Wnts: Wnts are secreted growth factors that
regulate important cell processes, including pro-
liferation, polarity, differentiation, and angiogen-
esis (66). The Wnt family comprise 18 or more
ligands that signal through 10 known frizzled
receptors (Fz). Wnt-ligand binding activates mul-
tiple intracellular pathways including the β-cate-
nin/LEF-TCF pathway. Wnt-5a, -7a, and -10b are
expressed by endothelial cells in vitro, and Wnt-
5a by vascular smooth muscle cells (67). Wnt-2 is
important for placental vascular development, as
fetal-derived placental capillaries were reduced in
Wnt-2 –/– mice, resulting in high perinatal mor-
tality and growth restriction of surviving pups
(68). The role of Wnts in pulmonary vascular
morphogenesis is not well understood. However,
Wnt7b is expressed at high levels in the epithe-
lium of distal airways, and inactivation of the
Wnt7b gene in mice resulted in perinatal death
likely from the lung hypoplasia and pulmonary
hemorrhage seen in these animals (69). Examin-
ation of lung histology showed that the smooth
muscle of the large vessels was hypertrophic and
apoptotic, which likely accounted for the vessel
rupture and pulmonary hemorrhage. Wnt7b is
required for expression of extracellular matrix
protein tenascin-C (TN-C) that it in turn can
regulate pdgfr-α and pdgfr-β expression and pro-
liferation of smooth muscle precursor cells (70).

Platelet Derived Growth Factors: PDGF-A
and –B are involved in vessel remodeling and
maturation; however, whether PDGF-A regulates
angiogenesis is unclear (71, 72). PDGF-B and its
receptor PDFG-β can be simultaneously
expressed by endothelial cells, suggesting an auto-
crine role in angiogenesis. Endothelial cells in
large vessels express PDGF-B but not the PDGF-
β receptor, suggesting a paracrine role, but capil-
lary endothelial cells respond to PDGF-B by
increasing capillary density. Interestingly, one
study showed that VEGF-A induces VEGFR2-
positive embryonic stem cells to differentiate into
endothelial cells, whereas PDGF-BB caused
VEGFR2-positive embryonic stem cells to differ-
entiate into pericytes and vascular smooth muscle
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cells (73). This study addresses an important con-
cept, namely that different growth factors can
stimulate the differentiation of potentially a
common pool of vascular progenitor cells into
different lineages that will form endothelial cells
and mural support cells like smooth muscle cells,
fibroblasts, and pericytes. Hence, PDGFs are
likely important in recruitment and differenti-
ation of mural cells that are critical for vascular
structure and function. Whether PDGFs play a
similar role in stimulating initial development of
vessels in the lungs is unclear, although there are
studies examining the role of PDGFs in pulmon-
ary vascular diseases, such as PAH (74).

Insulin-like Growth Factors: The insulin-like
growth factor (IGF) system is a complex system
that includes two ligands (IGF-1 and IGF-2), two
receptors (IGFR1 and IGFR2), at least six IGF
binding proteins (IGFBP-1 to-6) and proteases
that regulate IGF activity (75). IGF signaling regu-
lates cell proliferation and differentiation and
whether cells undergo mitosis or apoptosis. IGF
signaling can regulate embryonic development as
well as postnatal growth, body size, and longevity.
IGFs play an important role in development of a
number of organs (75). IGF-1 stimulates prolifer-
ation of endothelial cells in vitro, and IGF-1/II
can stimulate angiogenesis in the retina. Expres-
sion of IGF-I and IGF-II and IGFR-1 receptor
have been reported in airway epithelial cells and
smooth muscle cells adjacent to the airways, as
well as endothelial cells lining the primary vascu-
lar plexus of 4- to 12-week-old human lung tissue
(76). Treatment of human fetal lung explants with
an IGFR-1 blocking antibody increased apoptosis
in mesenchymal cells, particularly endothelial
cells, and disrupted epithelial branching. Treat-
ment of fetal rat lung explants with the IGFR-1
antibody caused loss of blood islands in the
mesenchyme. Hence, there is evidence to support
a role for IGFs, acting through IGFR-1, in pul-
monary vascular morphogenesis.

Ephrins: Ephrins and Eph receptors are widely
expressed throughout the developing embryo and
play important roles in vascular development
(77). In the ephrin/Eph receptor system, both
ligand and receptor must be membrane bound,
so that ephrin ligands can cluster and activate
receptor signaling. As a result ephrin/Eph signal-
ing interactions are mostly restricted to neighbor-
ing cells and important in local cell-to-cell
interactions rather than long-range signaling.

Ephrin-B1 and -B2 can promote capillary-like
assembly of cultured endothelial cells and angio-
genic sprouting. Genetic ablation of ephrin-B2 in
embryonic mice resulted in failure of the primary
capillary network to remodel and so disrupted
vascular development (78). The ephrin/Eph
system likely has a role in arterial versus venous
specification because ephrin-B2 is expressed in
embryonic arteries but not veins, whereas its
receptor, EphB4, is expressed in veins but not
arteries (79). However, ephrin-B1 is expressed in
arterial and venous endothelial cells and EphB3 in
veins and some arteries. Ephrin-B2 expression
persists in adult arteries and also extends into
microvessels, raising into question the concept
that capillaries have neither arterial nor venous
identity (80). Ephrin-B2 and EphB2 are expressed
by mesenchymal cells adjacent to endothelial cells,
suggesting that ephrins might play a role in
endothelial-mesenchymal interactions (79).
Ephrin-B2 is also expressed in the smooth muscle
of arteries as well as endothelial cells, but not in
venous smooth muscle and indicates a major dif-
ference between these smooth muscle beds (80).
Expression of ephrin-B2 in arterial smooth
muscle cells after endothelial cells suggests that a
signal from arterial endothelial cells may be indu-
cing expression of ephrin-B2 in vascular smooth
muscle cells. Ephrin-A1, -B1, and -B2 and EphB4
are expressed in capillary endothelial cells from
adult mouse lungs, but the role of ephrin/Eph in
pulmonary vascular morphogenesis remains
unclear.

Angiostatic Factors: A number of naturally
produced factors that can inhibit angiogenesis
have been identified (81), including angiostatin,
endostatin, TSP-1, pigment epithelial derived
factor (PEDF), soluble Flt-1, endothelial-mono-
cyte activating polypeptide (EMAPII), and
fibulin-5. Angiostatin and endostatin are not pro-
duced as angiostatic factors de novo, but are pro-
teolytic fragments of plasminogen and type XVIII
collagen. In contrast, TSP-1, and PEDF are pro-
duced directly from distinct genes, and hence
their angiostatic activity appears to be one of their
primary functions. Although there is evidence
that these factors regulate vascular morphogenesis
in organs, most attention has been focused on the
role of these factors in pathologic processes, such
as tumor vascularization and their potential use as
antitumor agents (82). Therefore while angio-
static factors are expressed in the lung and altered
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in disease states, such as lung cancer, pulmonary
fibrosis, acute respiratory distress syndrome
(ARDS), and emphysema, the role of
these factors in pulmonary vascular morphogen-
esis is not well understood. While lung develop-
ment appears normal in TSP-1 null mice, there is
massive inflammatory cell influx into the lungs
after birth, suggesting a role for TSP-1 in lung
homeostasis (83), which may be due to the role of
TSP-1 in regulating TGF-β (84). PEDF may exert
its angiostatic effects by downregulating VEGF
expression, although its role in pulmonary vascu-
lar morphogenesis is unclear. Alternative splicing
of the VEGFR1 or Flt-1 gene generates a soluble
form of the receptor, sFlt-1, which is a potent
natural antagonist of VEGF. sFlt is expressed in
the lung, although its role in normal pulmonary
vascular development is also unclear. However,
one study showed that excess sFlt-1 in amniotic
fluid during late gestation reduced alveolarization
and pulmonary vascular growth in infant rats,
suggesting that it may play a functional role
(85). EMAP II is a cytokine-like molecule that
has potent angiostatic activity, inducing cultured
endothelial cells to undergo apoptosis. Expression
of EMAPII was high during the pseudoglandular
stage of lung morphogenesis, but decreased as
pulmonary vascular morphogenesis progressed
(86). EMAPII may be a negative regulator of
pulmonary vascular growth based on fetal lung
allograft studies. Hence, there may be interactions
between angiostatic factors and proangiogenic
factors, which may represent regulatory or
homeostatic feedback loops. The presence of such
feedback loops would not be surprising given the
need to carefully regulate vascular morphogenesis
in proportion to airway development.

MicroRNAs: MicroRNAs can regulate net-
works of genes by binding to multiple RNAs, gen-
erally to inactivate and degrade them, thereby
transforming cellular phenotype. Micro RNAs
are important in angiogenesis and vascular devel-
opment of the lung, miR-221 being antiangiogenic
and miR-130 being proangiogenic (87).

Transcription Factors: A number of transcrip-
tion factors regulate endothelial cell specification
and differentiation into arterial, venous, and
lymphatic lineages. Some examples are discussed
in the following paragraphs, including the
hypoxia-inducible factors (HIF), Hox genes, Fox
genes, Sox genes, and members of the GATA
family. The reader is directed to reviews for more

information (88–90). Our understanding of the
role of these factors in vascular development
comes from studies in zebrafish and other models
and a few studies in the developing lung.

Hypoxia-inducible transcription factors
(HIFs) have been extensively studied because of
their role in hypoxia responses. HIF-1α plays an
important role in oxygen homeostasis and regu-
lates VEGF (91,92). Deletion of the HIF-2α gene
(also known as EPAS1) was recently shown to
cause respiratory distress and death at birth in
mice (93). HIF-2α null mice had reduced VEGF
levels, but structurally the lungs of HIF-2α null
mice did not appear grossly abnormal, except for
an increased abundance of immature pneumo-
cytes and some subtle deficits in lung vasculariza-
tion later in gestation.

Hox transcription factors are mammalian
homologues of homeobox genes that regulate
body patterning and organogenesis in Drosophila.
While deletion of some Hox genes disrupt lung
morphogenesis, the role of these transcription
factors in pulmonary vascular morphogenesis is
not well understood (94). For example, Hoxb-5
regulates airway patterning, possibly by its effects
on tenascin-C and FGF10 expression, and so may
indirectly affect vascular development (95).
Paired-related homeobox gene (Prx1) has been
implicated more directly in pulmonary vascular
development. Prx1 is expressed in endothelial
cells and the wall of muscularized vessels early in
lung morphogenesis and then later in the medial
and adventitial layers (96). Ihida-Stansbury and
colleagues suggested that Prx1 plays a role in
promoting patterning and differentiation of
vessels in the developing lung based on in vitro
studies in which Prx1 transfection into fetal lung
mesenchymal cells induced an endothelial-like
phenotype and the ability to form vascular net-
works in matrigel (96). Furthermore, Prx1–/–
mice were cyanotic, die soon after birth, and had
decreased expression of TN-C, which may have
contributed to the hypoplastic lung phenotype
and lack of pulmonary vessels in these animals.

Fork-head box (Fox) transcription factors are
expressed in mesoderm, including the splanchnic
mesoderm, and are important in mesenchymal
induction of the lung epithelium. Haploinsuffi-
ciency of Foxf1 causes abnormal development of
the lung, as well as the gall bladder, esophagus, and
trachea. Lung abnormalities in Foxf1+/– mice
included hemorrhage, fusion of lung lobes, and
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defects in saccule and microvascular development
(97). Reduced expression of Notch2 and Hes-1, its
downstream target, may contribute to the abnor-
malities caused by Foxf1 haploinsufficiency (51).
FoxC1 and FoxC2 have virtually identical DNA-
binding domains. Mice that were double mutants
for FoxC1 and C2 had arteriovenous malforma-
tions, and lymphatic endothelial cells failed to
sprout off from the veins likely due to reduced
VEGF-C (98). While expression of the venous
marker COUP-TFII was normal, double-mutant
mice lacked expression of arterial markers, sug-
gesting that FoxC transcription factors play an
important role in arterial cell fate specification.
However, the role of FoxC1 and C2 in the lung is
unclear.

SRY-related high-mobility group box (Sox)
transcription factors comprise a family of 20 dif-
ferent members. Studies suggest that the Sox
F group, which includes Sox 7, 17, and 18, regu-
late arteriovenous specification and venous
lymphatic specification. Loss of one Sox
F member may be compensated for by the other
F group members (90). Sox18 has raised a lot of
interest, as it can regulate Prox1 and therefore
lymphatic development. Sox17 is expressed in
mesenchymal progenitors of endothelial cells in
the developing lung and is solely found in endo-
thelial cells in the adult lung (99). Conditional
deletion of Sox17 in mesoderm resulted in abnor-
mal pulmonary vascular development, including
enlarged arteries, vein varices, and decreased
microvasculature with alveolar hypoplasia.

There are six GATA transcription factors, of
which GATA-1, -2, and -3 play important roles in
hematopoietic cells. Studies suggest that GATA-2
regulates differentiation of endothelial cells (90) and
key endothelial genes, including VEGFR2 (Flk-1),
endomucin, and VEcadherin (100). Knockdown of
GATA2 in dermal endothelial cells reduced expres-
sion of these genes and increased nonendothelial
genes “including” smooth muscle actin and SNAIL,
suggesting that failure to progress into an endothe-
lial cell fate leads to direction into other mesenchy-
mal cell fates like smooth muscle.

Extracellular Matrix Molecules: Extracellular
matrix (ECM) molecules provide important struc-
tural integrity to mature vessels to support their
function and a scaffold and cell adhesion that sup-
ports the growth and development of vessels.
Growth factors such as VEGF, especially the longer
isoforms, bind to ECM, although the exact role of

this function is not entirely clear. ECM proteins
include collagen, laminin, fibronectin, elastin, and
tenascin. Collagen and lamin are produced early in
lung development and increase as development
proceeds. In contrast, fibronectin expression
increases in the pseudoglandular stage when prea-
cinar arteries are forming and then decreases during
the canalicular phase (101). Elastin levels also
increase in the pseudoglandular stage and continue
to rise in the saccular and alveolar stages, when it
plays an important role in alveolar and vascular
development and structure (102). In transgenic
mice, even haploinsufficiency of elastin results in
pulmonary hypertension later in life (103).

Integrins: Integrins are composed of α and β
subunits that form transmembrane heterodimer
complexes. Integrins function as cell surface recep-
tors that interact with other proteins, including
ECM. The β1 integrin family includes receptors
that recognize collagen, laminin, and fibronectin.
The β3 integrins include receptors for fibronectin,
von Willebrand factor, and thrombospondin.
Integrin expression by endothelial cells is complex
[see review by Albelda (104)]. The five integrins
that contain the αv subunit are widely expressed in
most tissues in mice. However, mice that lack the
αv subunit, and are therefore deficient in all five
integrins, develop normally, suggesting that lung
development and cellular differentiation can occur
in the absence of these integrins (105).

Development of the Pulmonary
Capillary System
Structure, Origins, Timing, andPatterning
The capillary system in the distal lung is extensive
and closely integrated with the alveoli to form the
large gas exchange surface of the lung. Develop-
ment of this capillary network expands consider-
ably in the saccular and alveolar stages of lung
development after the formation of the preacinar
and acinar arteries and arterioles is complete
(Figure 3-3).

Cellular and Molecular Mechanisms
Pathways that selectively regulate pulmonary
capillary development are poorly understood; how-
ever, VEGF and other proangiogenic factors likely
play a role. Inhibition of VEGFR2 in the neonatal
lung reduced vascular morphogenesis and dis-
rupted alveolar formation during the postnatal
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phase of lung development that is normally charac-
terized by expansion of the capillary network (27).
The transcription factor Foxf1 has also been impli-
cated in pulmonary capillary development because
conditional inactivation of the Fox f1 gene in endo-
thelial cells in mice caused a phenotype similar to
alveolar-capillary dysplasia in humans (106).

Development of the pulmonary veins
Structure, Origins, Timing, and Patterning
The pulmonary venous system returns blood
from the vast alveolar capillary system to the
heart. Veins in the peripheral lung are generally
located in the tissue regions between the arteries
and airways (Figure 3-8) but run close to the major
airway and artery in the proximal lung, especially
where they emerge from the lung tissue. Early
development of the pulmonary venous system is
poorly understood. Hall and colleagues (9) used
immunohistochemistry and serial reconstruction
techniques to characterize venous formation in
fetal and neonatal human lungs. Their data sug-
gested that the pulmonary veins initially form in
the splanchnic mesenchyme by vasculogenesis.
Later expansion of the venous system was more
consistent with angiogenesis taking over as the
process by which venous development advanced,
similar to arterial development. Although airways
are thought to play an important role in patterning
the arterial systemHall et al. (9) suggested that this
was less likely to be the case with the venous
system, given that veins develop in the

mesenchyme away from the airways and arteries.
However, themechanisms regulating patterning of
the venous system remain unclear. By 34 d gesta-
tion continuity between the aortic sac, pulmonary
artery, capillary plexus, pulmonary veins, and left
atrium is seen in the human fetus (9).

Hall et al. also (9) examined the origin of the
venous smooth muscle and suggested that venous
smooth muscle cells are derived from mesenchy-
mal cell precursors. They also reported that the
pulmonary veins acquired smooth muscle some-
what later than pulmonary arteries and that
expression of mature smooth muscle proteins
was also delayed relative to arterial smoothmuscle.

Cellular and Molecular Mechanisms
In the early vertebrate embryo, angioblasts that are
the precursors to endothelial cells appear to be
committed to either arterial or venous lineages
prior to the formation of a functional circulation.
However, the pathways that regulate this commit-
ment are not well understood. In the study by Peng
et al. (5), deletion of Smo from Isl1 expressing CPP
cells caused pulmonary vein atresia as well as
severe inflow tract defects, suggesting that CPP
cells are important for the development of the
pulmonary veins as well as arteries and heart.

Notch signaling, as mentioned earlier, is
important for arterial development downstream
of VEGF. Ephrin-B2 is expressed in arteries and
EphB4 in veins, although this does not appear to be
important for the initial specification of arteries
versus veins (78). The transcription factor COUP-
TFII is expressed in venous endothelial cells in the
developing circulation and may regulate venous
cell fate by repressing Notch signaling. COUP-
TFII is expressed in the mesenchyme of the
developing mouse and human lung and regulated
by retinoic acid signaling, although its exact role in
pulmonary vascular development has not been
clearly defined. COUP-TFII is also important in
diaphragm development as COUP-TFII null mice
develop congenital diaphragmatic hernia (CDH)
and associated lung hypoplasia (107).

Development of Pulmonary
Lymphatics
Structure, Origins, Timing, and Patterning
The lymphatic system drains lymph fluid from
the lung tissues and returns it to the circulation.

Figure 3-8. Casts show the venous (blue) system in the
human lung relative to the airway (yellow/white) and arterial
(red) systems. Courtesy of Prof. Ewald Weibel, Institute of
Anatomy, University of Berne.
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It contains lymph nodes that play important roles
in the immune system. Lymphatic vessels are
lined by endothelial cells and vary in size from
thin-walled capillaries to larger vessels. Larger
lymphatic vessels frequently contain valves to pre-
vent backflow of lymph. Lymphatic vessels form
around airways and arteries, especially the larger
caliber ones (108). In the human fetal lung, lym-
phatics develop in the hilar region in the second
month of gestation and then expand over the next
month to form an extensive lymphatic network
around the bronchi, pulmonary artery, and pul-
monary veins as far as the pleura. Valves form in
the lymphatics starting with the hilar region and
then extending into more distal regions as devel-
opment proceeds.

The origin of lymphatic vessels has been
unclear until recently because of the lack of spe-
cific markers for lymphatic endothelial cells
versus endothelial cells in the arteries or veins,
often referred to as “blood endothelial cells.”
Primitive lymphatic sacs were originally thought
to develop by budding of endothelial cells off the
veins and then further extended to form a per-
ipheral lymphatic network by angiogenesis-like
sprouting from these lymphatic sacs. This model
implies that the venous system is formed, or at
least partially formed, prior to the development
of the lymphatic system. An alternative model is
that in which lymphatic sacs form via a
vasculogenesis-type process in the mesenchyme,
independent of veins, and then make venous
connections later. Determining which of these
models is correct awaited the development of
better molecular tools and marker genes. In a
study by Wigle and Oliver (109), expression
and deletion of the homeobox transcription
factor Prox1 provided strong evidence to support
the venous development model of lymphatic
endothelial cells budding off veins. Prox1 is
expressed in a subpopulation of endothelial cells
that form the lymphatic system. This is described
later.

Cellular and Molecular Mechanisms
VEGF receptor 3 (VEGFR3 also known as Flt4) is
expressed by endothelial cells in developing veins
and lymphatics but becomes restricted to lympha-
tics later in postnatal life. Further insight into the
role of VEGFR3 in lymphatics has been hampered
by the lack of a viable VEGFR3 null mouse.

Overexpression of VEGF-C, a VEGFR3 ligand,
in transgenic mice caused lymphatic hyperplasia
(110) and more recently respiratory distress
(RDS), chylothorax, and pulmonary lymphan-
giectasia when expression was directed to the
perinatal period (E15.5–P14) (111). VEGF-D also
activates VEGFR3, and increases in VEGF-D
increase the growth of lymphatic vessels, but not
blood vessels consistent with VEGF-D activating
only VEGFR3 and not VEGFR-2. VEGF-D is
expressed in the developing mouse lung from
low levels in the pseudoglandular stage, increasing
in the lung mesenchyme (especially Cadherin-11
positive cells) through the early neonatal period,
then declining thereafter and reaching very low
levels in the adult lung (31). However the role of
VEGF-D is unclear as VEGF-D null mice develop
a structurally and functionally normal lymphatic
system (112). VEGF-A is typically thought of with
respect to arterial development; however, Mallory
et al. overexpressed VEGF-A in the lungs of trans-
genic mice during the perinatal period and
observed increased vessels that were identified as
lymphatics in the distal lung (113). mRNA levels
of VEGF-C/D were unaltered in this study, sug-
gesting that the levels of VEGF-A can influence
the balance between arterial and lymphatic devel-
opment in the lung.

The homeobox transcription factor Prox1 is
often thought to act as a “master” regulator of
lymphangiogenesis. Wigle and Oliver (109) exam-
ined Prox1 null mice in which the gene was
inactivated by insertion of the β-galactosidase
gene. Prox1 marks a specific subpopulation of
endothelial cells in the veins that form the lymph-
atic sacs that bud off. Using Prox1+/– mice, they
showed β-galactosidase staining of lymphatic
endothelial cells in E14.5 lungs that was already
an extensive endothelial plexus around the
developing airways, including the trachea and
bronchi (Figure 3-9). Analysis of Prox1–/–
embryos showed that the lymphatic vessels were
absent from the trachea and airways, indicating
an important role for Prox1 in lymphangiogenesis
and not arteries and veins.

FoxC2 is another transcription factor that acts
as a novel regulator of lymphatic development
and remodeling (114). FoxC2 regulates later steps
in lymphatic development, including establishing
a collecting lymphatic vessel identity by regulating
expression of other genes involved in lymphan-
giogenesis, including PDGF-β, Delta-like 4, and
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Ang-2. The lymphatics of FoxC2 null mice had
increased pericyte recruitment, as well as agenesis
of lymphatic valves. FoxC1 null mice died pre-
natally and perinatally with major cardiovascular,
genitourinary, skeletal, and ocular defects. As
mentioned earlier, in addition to arteriovenous
malformations, lymphatic endothelial cells sprout
from the veins in mice that were double mutants
for FoxC1 and C2 (FoxC1+/–; FoxC2–/–), likely
due to reduced VEGF-C (98). FoxC2 may have
roles in both early and later lymphangiogenesis
although whether FoxC2 fulfills similar functions
in the lung is unclear.

In Alk1-depleted mice, lymphatics were
enlarged in a number of organs suggesting that
ALK-1 signals regulate lymphatic vessel forma-
tion and size (115). The effects of ALK-1 were
mediated by BMP-9, which decreased the number
of cultured lymphatic endothelial cells. Bmp9-
deficient mouse embryos also had enlarged
dermal lymphatic vessels, and BMP-9 downregu-
lated the expression of the Prox1, which is critical
for lymphatic endothelial cells.

Nuclear factor of activated T cells (NFATc1) is
a transcription factor that is important for T-cell
differentiation, cardiac valve development, and
osteogenesis. NFATc1 also plays a role in lymph-
atic development. NFATc1 colocalizes with Prox-
1 and VEGFR3 to endothelial cells that sprout off
the cardinal vein and form lymphatic sacs (116).
While endothelial cells sprout off the cardinal
vein in NFATc1 null mice, they do not coalesce

properly into lymphatic sacs. This and other data
from using calcineurin inhibitors that block
NFATc1 activation indicate an important role for
NFATc1 in lymphatic patterning. In VEGF-A
overexpressing transgenic mice, loss of the calci-
neurin regulatory subunit blocked the increase in
lymphangiogenesis.

Spontaneous mutations and genetic deletion
of Sox18 in mice caused embryonic lethality with
defective lymphatic development characterized by
a lack of Prox1 lymphatic cells (72). Sox18 regu-
lates Prox1, and overexpression of Sox18 in endo-
thelial cells increases Prox1 and Podoplanin, key
lymphatic endothelial cell markers. Sox18 appears
to play a very important role in lymphatic devel-
opment, and this may be due to its being an
upstream regulator of Prox1. GATA2 is another
transcription factor that may play a role in lym-
phangiogenesis as conditional loss-of-function in
mouse embryos resulted in abnormal lymphatic
development and mixed lymphatic-blood vessel
structures.

Unanswered Questions and Future
Directions
There remain many unanswered questions in pul-
monary vascular development. There is still uncer-
tainty about the relative importance of
vasculogenesis versus angiogenesis in the initial
formation of pulmonary vessels. It appears that
both processes play a role, but the question of what

Figure 3-9. Lymphatic development of the E14.5 lungs in Prox+/– (A) and –/– (B) embryos. Lymphatic vessels are shown by LacZ
staining around the esophagus, trachea, and bronchi. In Prox –/– embryos these lymphatic vessels were absent as well as the
lymphatic vessels in the lung (indicated by the arrow in +/– lung) (B & C). Reprinted with permission from Wigle & Oliver, Cell,
1999;98:769–778.
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if any role angiogenesis plays in the initial forma-
tion of pulmonary vessels remains unclear. Recent
studies identifying CPP cells that give rise to major
pulmonary vessels is exciting but also raises again
the question of whether there is growth of major
vessels that then invade the lung by angiogenesis
versus development in situ of these major vessels
by vasculogenesis. Whether there is a role for
airway smooth muscle cells in endothelial specifi-
cation and vascular plexus development is unclear.
The exact timing/sequence and composition of
factors that induce arterial versus capillary versus
venous versus lymphatic endothelial cells is
unclear. Fractal rules suggest a few factors. The
regulation of vessel diameter and how the struc-
tural composition of developing vessels is regu-
lated is also poorly understood. Whether early
vascular endothelial cells are plastic and can be
transformed into a different fate, either another
endothelial cell type or another mesenchymal fate,
and what is the time window involved is not under-
stood. Answers to these questions may not only
illuminate our understanding of lung development
but may also aid in discovery of the causes of
pulmonary vascular diseases and vessel remodel-
ing later in life.

The precise spatial-temporal regulation of
arterial, venous, capillary, and lymphatic develop-
ment are poorly understood. The spatial regula-
tion of arterial versus venous development is not
understood. High concentrations of VEGF and
other airway epithelial-derived growth factors
promote arterial development near the airways
based on their stimulatory effects on endothelial
specification and proliferation. However, whether
lower levels of these growth factors lends
mesenchymal cells to develop along a venous fate
is still unclear. It is also possible that higher con-
centrations of factors derived from the mesench-
yme itself might promote venous cell fate.
Development of capillaries is also poorly under-
stood but presumably regulated by distal epithe-
lial cells and/or other cells in the alveolar regions.
In lymphangiogenesis some pathways and regula-
tors are clearly important, but the regulation of
size and patterning of lymphatics remains poorly
understood.

Better targeting of pulmonary vessels in experi-
mental models is needed, especially conditional
and temporal targeting that can be regulated.
Targeting of different endothelial cell populations
should be insightful in the future. The application

of single-cell transcriptional analysis during devel-
opment (117) and the verification and elucidation
of regulatory factors and pathways already identi-
fied in other organs and nonlung models needs to
be studied in the lung.

Response to Injury
Despite many unanswered questions, there is
much known about the response of the vascula-
ture to injury and the capacity for regression of
disease and lung vascular regeneration. Mechan-
ical ventilation with cyclic stretch impairs lung
vascular growth in premature lambs (118) and
newborn mice (119) (Figure 3-10). The mechan-
ism is related to upregulation of elastase and
TGF-β activation, resulting in enhanced synthesis
but impaired assembly of elastin and loss of
endothelial cells as a result of apoptosis (120).
Hyperoxia is a stimulus often shown to promote
impaired alveolar and vascular development
(121), and unlike hypoxia in newborn rats, the
abnormalities do not appear to reverse (122).
Interestingly α 1 antitrypsin prevented vascular
changes and abnormal lung compliance associ-
ated with hyperoxia in newborn rats (123).
Inflammation induced structural abnormalities
of the lung and vasculature in rats (124).
A model of perinatal high flow due to a left to
right shunt induced adverse remodeling in the
vasculature of the ovine lung in association with
endothelial dysfunction (125). In this model car-
nitine appeared to improve mitochondrial
metabolism and endothelial function (126). In
children with congenital heart defects, high pul-
monary blood flow leads to abnormal muscular-
ization of distal vessels, medial hypertrophy of
muscular arteries, and loss of precapillary arter-
ies that precede occlusive remodeling (plexogenic
arteriopathy) (127). Children older than two
years show reduced plasticity of these vascular
changes and impaired potential for regression
after repair of the congenital heart defect. Differ-
ent vascular changes are seen with defects that
cause reduced flow to the lungs (128) or high
left-sided pressures (129). With reduced flow the
vessels are small in size with reduced muscular-
ity, whereas with high pressure they tend to be
increased in number with increased muscularity.
With total anomalous pulmonary venous return,
prenatal occlusive changes of neointimal forma-
tion can be seen in the veins (130).
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Potential for Regression and
Regeneration of Normal Lung
Vasculature
There has been much recent interest in the role
of progenitor cell therapy, particularly with
mesenchymal progenitor cells in the regeneration
of both lung blood vessels and airways [reviewed
in (131)]. In particular both cord blood angio-
genic progenitor cells (132) and circulating endo-
thelial progenitor cells (133) have shown efficacy
in experimental models. Because these cells are
believed to work via a paracrine mechanism, work

specifically related to the vasculature has focused
attention on exosomes and how they may be used
to regenerate lung and blood vessels and prevent
or reverse experimental pulmonary hypertension
(134). The pneumonectomy model is one of the
best to study the potential for lung regeneration
because of the important role of the regenerating
vasculature (135) with evidence that macrophages
contribute in a pivotal manner (136). In fact, this
has been an ideal model to study the role of
angiogenesis in alveolar regeneration (137) and
the physical factors that influence the process
(138).
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Chapter

4
Transcriptional Mechanisms Regulating
Pulmonary Epithelial Maturation:
A Systems Biology Approach
Jeffrey A.Whitsett and Yan Xu

Abstract
This chapter focuses on the perinatal period of lung growth and differentiation. Advances in
high-resolution imaging are integrated with computational approaches to develop a “systems
biology” approach to the study of perinatal lung development. Confocal microscopy, three-
dimensional imaging, single-cell transcriptomics, and bioinformatics are providing deeper
insights to the multiple cell types and molecular mechanisms controlling lung formation and
function. Knowledge regarding the transcriptional and signaling networks at the single-cell
level provide the framework to understand how cell–cell interactions are integrated to form
and maintain the three-dimensional structure of the alveoli necessary for ventilation
after birth.

Keywords:
3-dimensional imaging, informatics, systems biology, pathway analysis, molecular
regulation, epithelial maturation

Introduction
The lung is an intricate,multicellularmachinewhose
sole function is to transport the oxygen and carbon
dioxide needed to maintain cellular respiration of
the entire organism.Gas exchange requires the deliv-
ery of air through conducting airways that terminate
in alveoli wherein gas is diffused across epithelial and
endothelial cells to the red blood cells within the
pulmonary microvasculature. Lung function is
dependent on its remarkable architecture, the tissue
being comprised of diverse cell typeswhose locations
and cellular activities are precisely orchestrated both
during morphogenesis and in response to environ-
mental challenges throughout life. Major advances
in understanding the physiology and anatomy of the
lung were made in the late 20th century. The appli-
cation of histology, stereology, immunohistochem-
istry, and morphometrics provided an ever deeper
understanding of the structure of the alveoli (1).
Concomitantly, advances in the clinical care of pre-
term infants, including surfactant replacement,
improved perinatal survival at earlier gestations,
with resultant injury and remodeling of peripheral
lung tissue, provide a strong rationale to further
understand the biological complexities underlying
prenatal and perinatal lung formation, function,

and repair. Recent advances in cell, molecular biol-
ogy, imaging, and computational sciences afford the
opportunity to carefully refine our knowledge
regarding the diversity of cells and the genetic pro-
grams that determine alveolar structure and func-
tion in the perinatal period. This chapter will discuss
relatively new technologies and approaches being
applied to the study of perinatal lung maturation,
with an emphasis on newmodalities in lung imaging
of RNA expression analysis and a “systems biology”
approach to understand the biological processes of
building and maintaining the alveoli. The integra-
tion of complex data from RNA and DNA sequen-
cing, genomics, proteomics, metabolomics, and
lipidomics and the ability to interpret increasingly
complex data through the application and
computational-systems biology offer an increasingly
detailed understanding of the processes generating
and maintaining lung structure and function.

Advances in Technologies to Study
Pulmonary Maturation – a “Systems
Biology” Approach
High throughput technologies are increasingly
applied to the study of complex biological systems
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including organogenesis. “Genomics,” including
genome-wide association studies (GWAS), exome
and whole genome sequencing, and epigenetics
are used to identify disease-related genes and pro-
cesses (2–7). The “omics” tools of modern science
provide multidimensional information from evo-
lution, populations, individuals, organisms,
organs, and cells that require the development of
new computational approaches needed to inter-
pret ever more complex data (8). Likewise, mass
spectroscopy and nuclear magnetic resonance
spectroscopy (NMR) enable rapid assessment of
proteins, lipids, and metabolic products that can
be linked to specific cell types using high-
resolution molecular imaging. A great challenge
in biology is the integration of detailed quantita-
tive and qualitative data to reveal insights into
normal developmental processes and those
resulting in disease. Standard, but powerful
reductionistic scientific approaches have extended
knowledge related to organogenesis and organ
function, including the lung (9). Alternatively,

“systems biology” approaches use computational
modeling of multidimensional data to model and
predict biological mechanisms (10,11) (Figure 4-1).
Although the quantitative and qualitative catalog-
ing of data regarding all the measureable molecu-
lar components comprising the lung will provide
a framework needed to begin to understand its
structure and function, such data are not suffi-
cient to understand how the many pieces of the
complex puzzle are integrated to build a func-
tional organ like the lung. How multiscaled
molecular components of the lung are assembled
under the direction of the expression of specific
genes, how gene expression is influenced by chro-
matin, and in turn by transcriptional and post-
transcriptional mechanisms that control synthesis
and stability of proteins, lipids, and carbohydrates
required for cellular functions, remains a consid-
erable challenge in modern biological sciences.
Simply stated, it is not enough to identify and
quantitate the components of the wiring diagrams
that comprise the molecular determinants of a

Figure 4-1. Systems biology to integrate complex data.
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tissue; discovering how individual components
are integrated and assembled, how cellular activ-
ities are rheostatically controlled at precise times,
and how they are integrated during organogenesis
remain a mystery.

Lung Ventilation at Birth Is
Dependent on Its Structure
How do the alveoli form? What are the cellular
and molecular processes mediating alveolariza-
tion and lung maturation? How can static meas-
urements of the cellular and molecular
components of the lung be used to predict the
dynamic nature of organ function? How import-
ant are the dynamic physical forces generated by
lung fluid in utero and by the process of ventila-
tion and perfusion to the structures and function
of the lung? Although the size and tissue diversity
of the conducting airways and large blood vessels
have been amenable to quantitative visualization
via casting and stereology and more recently by
magnetic resonance imaging (MRI) and compu-
terized tomography (CT) scanning, the fine struc-
ture of the alveoli have been more challenging to
image because of their small size, diverse shapes,
and low tissue density (12,13). Recent applications
using computer assisted stereology of the develop-
ing lung (for example, with STEPanizer) enables
rapid quantitation of volumes, lengths, and sur-
faces of tissue structure (14). X-ray defraction and
MRI are unable to resolve alveolar structures at
less than 2–3 microns. Imaging technologies,
using finite element analysis of high resolution
images made by using synchrotron radiation-
based X-ray tomograms has furthered the study
of the process of alveolarization at a level of reso-
lution of 1.4 μm3. This technology is providing
insights into the timing and processes involved in
prenatal and postnatal growth of the pulmonary
acinus and alveoli (13,15,16). With advances in
confocal microscopy, immunochemistry, and new
procedures to clarify tissue prior to fluorescence
imaging, it is now possible to identify specific cell
types and their precise anatomic positions during
lung maturation (17–21). Changes in lung archi-
tecture accompanying the saccular–alveolar
period of development in the primate (15,22),
rat (23), and mouse (24) all support the concept
that alveolar formation begins perinatally in pro-
cesses that are shared among mammalian species.
However, the timing of lung “maturation”

proceeds according to species-specific time lines
that are tightly regulated spatially and temporally.
Although detailed studies in human alveolariza-
tion are limited (25), alveolar growth of the pri-
mate lung begins near the time of birth and
continues into adulthood (24). In the rat and
mouse, alveolar septae are formed primarily after
birth within peripheral saccules that were formed
by branching morphogenesis (15,26). Septa
develop from preformed ridges by lifting off of
new septa that further subdivide the saccules into
alveoli. In the mouse, the process of alveolariza-
tion is most active from postnatal day 4 and con-
tinues through day 36. Approximately 5% of the
surface area of the peripheral lung is formed
prenatally via branching morphogenesis, while
50% of the surface area is created by the process
of septation after birth (15). Continued growth of
the lung parenchyma occurs after termination of
septation, which in the mouse is completed at
approximately 36 days postnatally. Thus, there
are three major phases in the saccular–alveolar
lung maturation in the mouse: (1) the saccular
period from E17.5 to PN4 during which branch-
ing morphogenesis is completed and epithelial
differentiation is induced; (2) the early alveolar
period, during which new septa are produced
(PN4-21); and (3) a period of isometric lung
growth associated with the lengthening of alveolar
septa, which continues until maturity. In the early
postnatal period of mouse development, septation
exceeds lung growth resulting in smaller alveoli.
Alveolar size increases thereafter by the isometric
growth of tissue that is achieved primarily by
elongation, thus increasing the size of the alveoli,
a process that continues until completion of lung
growth in the mouse. Formation of alveoli is
accompanied by the growth and maturation of
the pulmonary capillary bed from a double lumen
to single lumen alveolar capillary structure that is
completed at approximately 21 days of age in the
mouse (27). Both vasculogenesis and angiogenesis
contribute to the formation of the extensive pul-
monary microcirculation characteristic of the
mature lung (28–30). Electron micrographic ana-
lyses have been a powerful approach to identify
the cells contributing to the remarkable architec-
ture during development and at maturity
(1,31,32). More recently, use of cell-specific anti-
sera, fluorescence probes, and transgenic mice
used for genetic labeling of cells and cell lineages
are providing detailed information regarding the
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cellular and molecular processes mediating
branching morphogenesis and alveolarization
(Figure 4-2)

Physiological Adaptation to
Air-Breathing Depends on
Maturation of the Alveolar
Epithelium
Perinatal survival is dependent on lung function
once the placental circulation ceases at birth. Vital
changes in lung and cardiovascular physiology
accompany the transition to air-breathing: (1)
clearance of lung liquid, (2) enhancement of

pulmonary blood flow during the transition from
fetal to postnatal cardiovascular circulation with
closure of the foramen ovale and ductus arterio-
sus, and (3) production and secretion of pulmon-
ary surfactant necessary to reduce surface tension
at the gas–liquid interface at the alveolar surfaces.
These changes are all required for the perinatal
transition. At the cellular level, perinatal lung
maturation is linked to the differentiation of the
cuboidal alveolar type II epithelial cells that pro-
duce and secrete the four surfactant proteins (A,
B, C, and D) and lipids (importantly, phosphati-
dylcholine, the major component of pulmonary
surfactant) and the differentiation of more squa-
mous, type I epithelial cells, whose close contact

Figure 4-2. Maturation of the lung
saccules before birth. Confocal
immunofluorescence microscopy was
used to image the fetal mouse lung at
E16.5 (A, B), E18.5 (C, D), and postnatal
lung at PND28 (E, F) demonstrating
increasing dilation of the peripheral
saccules with advancing age. Nkx2.1
(TTF-1) (green) expressed in epithelial
progenitors at E16.5 and 18.5. At
PND28, TTF-1 is selectively expressed in
cuboidal type II epithelial cells; Hopx
(red) is seen in squamous type I cells. As
gestation advances, the tubules dilate
and the walls of the saccules thin. At
PND28, air spaces are prominent and
alveolar walls are remarkably thin,
enabling efficient gas exchange. αSMA
(Acta2) staining of myofibroblasts is
shown in white. Bars represent
100 microns (A, C, E) and 40 microns
(B, D, F).

61

Transcriptional Mechanisms Regulating Pulmonary Epithelial Maturation: A Systems Biology Approach



with the alveolar capillary endothelial cells enables
efficient diffusion of oxygen and carbon dioxide
(33, for review) (Figures 4-3 and 4-4). During the
latter third of gestation, saccules dilate, mesench-
ymal components of the lung thin as the pulmon-
ary microvasculature becomes more extensive
and is increasingly in close contact with squa-
mous type I epithelial cells lining the peripheral
saccules. Dramatic changes in tissue architecture
associated with sacculation and alveolarization of
the mammalian lung before birth are accompan-
ied by concomitant changes in the differentiation
and metabolic functions of the epithelial cells
lining the peripheral saccules. These events can
be imaged using immunofluorescence confocal
microscopy.

The architecture of epithelial and mesenchy-
mal cells contributing to the alveoli and alveolar
septa have been studied in detail using electron
microscopy (1) and more recently using fluores-
cence confocal microscopy. In late gestation, the
thickness of the lung saccules decreases in associ-
ation with increasingly prominent microvascula-
ture and the differentiation of type II and type
I cells that line the surface of the peripheral lung.
In the rodent, alveolarization is marked by the
extension of αSMA stained myofibroblasts and
pericytes toward the tips of the septa and the
invasion of double lumen and capillaries that are
covered by squamous type I epithelial cells. The
alveolar walls of rodent lungs contain prominent

Figure 4-3. Confocal
immunofluorescence microscopy
shows developmental changes in
lung architecture. Staining for
proSP-C (red), Nkx2.1 (TTF-1; green), and
αSMA (Acta2; white) are shown at E16.5
(A, B), 18.5 (C, D), and adult PND28 (E, F).
Dilation of peripheral saccules occurs
during maturation in association with
increasing expression of the surfactant
protein C (Sftpc) in Nkx2.1 stained cells.
Bars represent 100 microns (A, C, E) and
40 microns (B, D, F).
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lipofibroblasts and fibroblasts that stain for neu-
tral lipids. Confocal fluorescence microscopy of
some of the distinct cell types comprising alveolar
septa in the developing mouse are shown in
Figure 4-4.

Integrating Gene Expression Data
with Lung Structure During Lung
Maturation
A great challenge in lung biology is to integrate
structural and genetic data with the cellular pro-
cesses that determine lung maturation in the peri-
natal period. Formation of the alveoli requires
complex interactions occurring among multiple
cell types populating the peripheral lung, includ-
ing diverse fibroblasts, pericytes, smooth muscle
cells, epithelial and endothelial cells that mediate
efficient ventilation and perfusion after birth.
Proliferation, differentiation, migration, and
appropriate placement of cells within the archi-
tecture of the peripheral lung saccules are depend-
ent on myriad transcriptional and signaling
networks active in each cell that are integrated
by interactions with neighboring cells. Precise
coordination of cell signaling via direct cell–cell

contact, cell–matrix interactions, and those regu-
lating both paracrine and autocrine cell commu-
nication direct the morphogenesis of the
peripheral saccules during alveolarization. Ultim-
ately, the spatial organization of the lung is
dependent on complex interactions of multiple
cell types that function within “ecological” net-
works. Although analysis of the complex, multi-
cellular interactions is challenging, the application
of single-cell transcriptomic analysis, lineage
tracing, and cell sorting has begun to shed light
on some of the regulatory processes involved in
formation of the peripheral lung and maturation
of the respiratory epithelium in the perinatal
period.

RNA Expression Profiling and
Functional Genomics Provide
Insights into the Control of Lung
Maturation
RNA analysis using RT-PCR, RNA microarray,
RNA-sequence analyses (RNA-Seq), and chromatin
immunoprecipitation (CHiP) are being used to
identify genetic and molecular programs mediating

Figure 4-4. Shown are confocal
images of mouse lung at PND7 (A, B)
and PND28 (C, D). Type I epithelial cells
express Hopx (green), alveolar capillary
endothelial cells stain for endomucin
(Emcn) (red), and myofibroblasts stain
for Acta2 (αSMA) in white. Note
prominent staining of αSMA during
active alveolarization at PND7. Dual
capillaries staining for Emcn (red) are
seen within the septa. The surfaces of
septal and alveolar walls are lined
primarily by type I cells that stain for
Hopx (green). Bars represent
100 microns (A, C) and 25 microns
(B, D).
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lung maturation, the majority of the data being
derived from the study of mouse lung development
(34, 35). These and other experiments provide a
wealth of expression data whose interpretation
and integration with biological functions presents
great opportunities for the computational and
bioinformatic approaches needed to understand
these complex biological systems. Study of gene
expression in the lung include the expression pro-
filing of RNAs from whole lung tissue, purified
subsets of cells sampled by fluorescence activated
cell sorting (FACS) or antibody mediated “pan-
ning,” and tissues sampled by laser capture micro-
dissection. Recent advances include single-cell,
whole genome analyses using RNA-sequencing
(36). Together, these measurements provide rich
data resources for the generation of new knowledge
and hypotheses regarding lung maturation.
A general workflow used in analysis of RNA expres-
sion data is given in Table 4-1, the study of which
begins with an unbiased assessment of RNA expres-
sion data. The workflow consists of four major
steps: data access, data analysis, data/knowledge
integration, and data output.

Data Access: Data are generated from specif-
ically designed experiments from traditional
research, and much of the data are already avail-
able in data warehouses. In a systems biology
approach, extensive data resources that store and
integrate data are available from different techno-
logical platforms that can be used to develop a
comprehensive model.

Data Analysis: Transcriptomics has evolved
rapidly with the advent of microarray and next-
generation DNA sequencing technologies for
large-scale DNA and RNA profiling. A wide range
of statistical approaches have been developed for
genome-wide expression data analysis and are
readily available. Appropriate choices for these
applications depend on the nature of data and
experimental design. An understanding of both
biology and computational approaches is essential
for choosing an analytic pipeline and applying
appropriate data mining tools. Some useful
approaches for analysis of gene expression profil-
ing include identifying differential expression,
“clustering,” and predicting sample classifications
using statistical approaches.

Table 4-1. Schema of bioinformatics/systems biology workflow to process high-throughput data. The workflow consists of four
major components: data access, data analysis, data/knowledge integration, and data output.
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Differentially Expressed Genes: A common
approach for transcriptional profiling experi-
ments is to compare gene expression in two dif-
ferent conditions. In experiments without
biological replicates, fold change is the simplest
way to define differentially expressed genes (i.e.,
genes with ratios above a fixed cutoff; typically a
difference of ±2 is considered to be significant).
False discovery associated with this approach is
significant. Replication is essential to enable esti-
mation of variability, which is needed to identify
reproducibility of changes among distinct
samples. Standard t-tests are useful for detecting
significant changes between two groups. Among
multiple groups, the ANOVA F-test statistic is
appropriate. For data failing to satisfy a normal
distribution, nonparametric, rank-based statistics
or permutation-based tests are preferred (37,38).

Pattern Recognition and Clustering Analysis:
Pattern discovery is widely used to simplify data
involving multivariate comparisons; related
groups are identified based on expression similar-
ity, which provides an “overview” of the data.
Useful dimension-reduction methods include
principal components analysis (PCA), independ-
ent components analysis (ICA), singular value
decomposition (39), and other clustering algo-
rithms. These methods are considered “unsuper-
vised,” meaning that the analysis is derived solely
from data and is independent of previous know-
ledge or classifications. PCA assumes that large
variations in the data can be explained by a
smaller number of transformed variables. PCA
explains the variance-covariance structure of the
original data through a few linear combinations
of the variables and projects the original data into
a new space, for example, in two- or three-
dimensional visual representations.

Clustering is a powerful way to explore com-
plex gene expression data and is useful for identi-
fying similarity in expression patterns (40–42).
Classical clustering algorithms including K-
means, SOM, and “hierarchical” clustering gener-
ally emphasize clear group separations; any given
entity is assigned to only one cluster. However,
many genes have multiple cellular roles and func-
tion in cooperation with other interacting part-
ners. Therefore, each gene/RNA/protein can
belong to more than one functional class
governed by distinct regulatory mechanisms in
response to various conditions. Fuzzy heuristic
partition (43) considers each gene to be a member

of every cluster, each with variable degrees of
membership. In these analyses, “genes” can be
assigned to more than one cluster with variable
but significant membership, enabling identifica-
tion of context-dependent regulation. For
example, we applied fuzzy clustering by a local
approximation of membership algorithm (44) to
194 mRNA microarray samples from 27 distinct
mouse models related to lung development and
disease. We identified three coexpressed gene
clusters that were highly enriched for lung RNAs
that influence lipid synthesis, transport, and sur-
factant homeostasis (45).

Clustering methods are useful in grouping
coexpressed genes and provide a basis for the
identification of functionally related genes and
shared mechanisms by which they are regulated.
Alternatively, one can identify their relationship
to specific phenotypes in a process used to iden-
tify disease-related pathways. Published expres-
sion studies of lung RNAs derived after
conditional deletion or mutation of specific genes
led to the identification a number of transcription
factors and signaling molecules that are critical
for respiratory adaptation at birth, including
NKX2-1 (also termed TTF-1 or thyroid transcrip-
tion factor-1), FOXA2, C/EBPα, and CNB1. Con-
ditional deletion or mutation of these genes
caused phenotypic and biochemical changes simi-
lar to those associated with respiratory distress
syndrome (RDS), for example, decreased expres-
sion of pulmonary surfactant-related lipids and
proteins, failure of differentiation of type I and
II cells, lack of lamellar bodies, and delayed sac-
culation (46–50). Meta-analysis of RNA microar-
ray data from these “phenoclusters” showed that
although these transcription factors and signaling
molecules act via different signaling pathways and
bind to distinct cis-elements on transcriptional
targets, each is required for normal expression
of common transcriptional targets involved in
surfactant protein and lipid biosynthesis (e.g.,
Abca3, Scd1, Pon1, Sftpa, Sftpb, Sftpc, and Sftpd),
fluid and solute transport (e.g., Aqp5, Scnn1g, and
Slc34a2), and innate host defense (e.g., Lys, Sftpa,
Sftpd, and Scgb1a1), suggesting that FOXA2,
CEBPα, CNB1, and TTF-1 (NKX2.1) function in
a common transcriptional network regulating
genes for perinatal lung maturation and
postnatal respiratory adaptation (Figure 4-5A, B).

Data/Knowledge Integration: After identify-
ing differentially expressed genes and coexpressed
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gene groups, general questions to address are:
“What is unique about the differentially expressed
genes or gene set? Do these genes instruct our
understanding of the mechanisms underlying the
complex process of lung maturation?” Statistical
significance does not directly lead to “biological
discovery.” Data integration, via systems biology
approaches represents an unbiased way to identify
the biological themes that are present in complex
data sets.

Gene Set Functional Enrichment Analysis: As
each gene is associated with multiple biological
annotations from various resources (e.g., gene
ontologies, pathways, protein–protein inter-
actions, mouse and human phenotypes, promoter
cis-elements), the enrichment of genes in func-
tional categories can be estimated using Fisher’s
exact test to compare the occurrence of a given
term in the gene set of interest to all available
data. Multiple precompiled Web-based functional
annotation tools, including Onto-Express (51),
GoMiner (52), DAVID (53), GSEA (54), and
ToppGene (55), have been developed to identify
potential functions of groups of genes.

Biological Knowledge Incorporation:
Genome-wide biological knowledge data have
been assembled via a number of public/private
efforts that include functional annotations and
curations of genes/proteins, for example, NCBI
Entrez Gene database (http://www.ncbi.nlm.nih
.gov/), Ensembl (http://www.ensembl.org/index
.html), GeneCards (http://www.genecards.org/),

ENCODE(http://www.genome.gov/10005107), Pro-
tein Information Resource (PIR: http://pir.george
town.edu/), Kyoto Encyclopedia of Genes and
Genomes (KEGG: http://www.genome.jp/kegg/),
Online Mendelian Inheritance in Man (OMIM:
http://omim.org/), HumanGeneMutation Database
(HGMD, http://www.hgmd.org), and Ingenuity
knowledge base (IPA: http://www.ingenuity.com/sci
ence/knowledge-base). These resources provide
exceptional depth of present functional knowledge
for genes and proteins. Incorporation of knowledge
from different genomic and biomedical information
resources is useful for “omics” data interpretation.
Algorithms for integrating different types of data
show promise in combining high-throughput data
with knowledge from other clinical or experimental
observations.

Network Modeling: A wide range of methods
are useful for inferring genome-scale regulatory
networks from gene expression RNA datasets
(56). A comprehensive assessment of over 30 net-
work inference methods used to analyze micro-
array datasets from multiple resources was
provided by Marbach et al. (57), who concluded
that no single method performs optimally across
all data sets. In contrast, integrative predictions
from multiple inference methods were most
useful. Different methods for integration provide
complementary advantages and are powerful
for optimizing identification of regulatory net-
works. Such network development and optimiza-
tion can be achieved via multilevel integration

Figure 4-5. NKX2-1 (TTF-1) plays a central role in lung formation and maturation. (A) Meta-analysis of microarrays from
mouse models sharing common respiratory distress phenotypes at birth (“phenocluster”). Lung epithelial deletion of Foxa2, Cebpa,
Cnb1, and mutation of the mouse Nkx2-1 gene (encodes TTF-1) identified common transcriptional targets involved in surfactant
biosynthesis, fluid and solute transport, and innate defense. (B) An Nkx2-1 local transcription network was identified as an important
transcription factor by statistical “driving force analysis.” The NKX2-1 gene influences expression of numerous genes important for
lung epithelial growth, differentiation, and function.
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(i.e., data, knowledge, and method integration, as
shown in Table 4-1).

Driving Force Prediction: The identification of
essential regulators controlling cell fate and associ-
ated biological processes during lung development
and maturation is fundamentally important to
lung biology and identifies genes to prioritize for
experimental validation. An algorithm to quanti-
tatively measure node importance in networks
based on node centrality (determine a node con-
nectivity with all other nodes in the network) and/
or disruption (determine how the removal of a
node in the network affects the network structure)
(58, 59) was developed to model regulatory net-
works important for lung maturation (Guo et al.,
submitted for publication). Figure 4-5B shows an
example of an NKX2-1 subnetwork model based
on the single-cell RNA-seq data from E16.5 mouse
lung. In that model, TTF-1 (Nkx2-1) is predicted
to be an important lung epithelial cell specific
driving force functioning via its interactions with
other transcription factors, including Gata6, Etv5,
Foxp2, Grhl2, and Hopx to regulate target genes,
including surfactant proteins, Abca3, Cldn18, Shh,
Kras, and Muc1 (Figure 4-5B).

Data Output: Data related to “lung develop-
ment and disease” has expanded dramatically in the
past decade, providing a wealth of data resources
useful for both basic science and clinical applica-
tions. Given the high volume and complex nature
of these data, data storage, maintenance, and util-
ization becomes a major challenge. A LungMAP
consortium (http://www.lungmap.net/) provides
a freely accessible repository of comprehensive
lung development data from different species
and developmental time points. This LungMAP
is linked to Web-based resources supporting
investigations into the processes that regulate
lung development. An analytic pipeline (https://
research.cchmc.org/pbge/sincera.html), relational
database, and associated web-tool, termed
“LungGENS,” was developed to assist users to
query gene expression patterns and cell type
RNA signatures in specific pulmonary cells at the
single-cell level (https://research.cchmc.org/pbge/
lunggens/default.html).

Transcriptional Regulatory Network Regulat-
ing Lung Surfactant Homeostasis (Static Model):
Pulmonary surfactant is required for lung func-
tion at birth and throughout life. Lung lipid and
surfactant homeostasis requires regulation among
multitiered processes, coordinating the synthesis

of surfactant proteins and lipids, their assembly,
trafficking, and storage in type II alveolar cells. To
generate a transcriptional regulatory network
model controlling surfactant homeostasis, we
retrieved mRNA microarray samples from a
number of distinct experiments in which mouse
models were utilized to study lung maturation
and function. An algorithm integrating expres-
sion profiling with expression-independent
knowledge using Gene Ontology (GO) similarity
analysis, promoter (gene regulatory sequences)
motif, searching, protein–protein interactions,
and literature mining were developed to model
genetic networks regulating surfactant lipid–
related biological processes in lung.
A transcription factor (TF)-target gene (TG) simi-
larity matrix was generated by integrating
data from different analytic methods. A scoring
function was built to rank likely transcription
factor–transcription factor regulated targets or
TF–TG pairs. Using this strategy, critical com-
ponents of transcriptional networks directing
lipogenesis, lipid trafficking, and surfactant
homeostasis in the mouse lung were identified.
Within the transcriptional network, SREBP,
CEBPA, FOXA2, ETSF, GATA6, and IRF1 were
identified as regulatory hubs displaying high con-
nectivity (Figure 4-6). SREBP, FOXA2, and
CEBPA were identified as transcription factors
forming a regulatory module that controls expres-
sion of pulmonary surfactant lipid homeostasis.
In turn, this core module comprised of critical
transcriptional regulators and their target genes
cooperates with other factors to regulate perinatal
lung and lipid homeostasis, cell growth, survival,
and immune responses (45).

Dynamic Modeling of the Transcriptional
Programs Controlling Perinatal Lung Matur-
ation: Genetic, genomic, and bioinformatics
methods were used to analyze relationships
between the length of gestation and lung matur-
ation in two inbred mouse strains (C57BL/6J and
A/J) whose gestational length differed by approxi-
mately 30 hr. We were able to identify the genetic
regulators that link lung maturation to the timing
of birth (60–62). A functional Bayesian statistical
approach was used to analyze time-dependent
changes in lung mRNAs from each mouse strain
fromE15.5 to postnatal day 0 (PN0) (63). Dynamic
profiling of transcription factors and their targets
that changed during lungmaturation werematched
using STEM (Short Time-series ExpressionMiner),
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a clustering algorithm designed for the analysis of
a series of gene expression data sets (64). Through
these analyses, we identified both temporal and
strain-dependent gene expression patterns during
lung maturation, identified key regulators, biopro-
cesses, and transcriptional networks controlling

lung maturation. Cell adhesion, vasculature devel-
opment, and lipidmetabolism/transportweremajor
bioprocesses induced during the saccular stage of
lung development at E16.5–E17.5 (Figure 4-7).
CEBPA, PPARG, VEGFA, CAV1, and CDH1
were found to be key signaling and transcriptional

Figure 4-7. Schematized depiction of gestational length and strain dependent effects on lung maturation. (A) Key
bioprocesses and regulators controlling lung maturation. (B) Strain effect underlying lung maturation (adapted with permission from
Figure 4–9 in Xu. et al., PLoS One, 7:e7046, 2012).
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Gene1 –1.16 1.03 –1.01 1.11
Gene2 –1.40 1.44 –2.00 –1.80
Gene3 1.17 –1.24 –1.00 –1.38
--- 1.07 1.05 –1.01 1.44

Correlation
TF1 TF2 TF3 ---

Gene1 0.49 0.60 –0.20 0.66
Gene2 0.50 0.16 0.08 0.43
Gene3 0.68 0.32 0.10 0.69
--- 0.60 0.21 0.33 0.99
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Gene1 4 3 4 4
Gene2 3 3 0 4
Gene3 4 0 4 4
--- 4 3 0 4

Promoter Module (Mus, Hum, Frequency)
Module1 Module2 Module3 ---

Gene1 1 2 2 2
Gene2 3 2 4 4
Gene3 3 4 2 4
--- 1 2 4 3

Interaction
Protein1 Protein2 Protein3 ---

Gene1 0 0 1 0
Gene2 0 0 0 1
Gene3 0 0 0 1
--- 1 0 0 0

Gene Onology
Term1 Term2 Term3 ---

Gene1 1 0 1 1
Gene2 1 1 1 1
Gene3 0 1 1 1
--- 0 0 1 1

TF
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Network

Convert data to matrix
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Development

Figure 4-6. Development of a transcriptional regulatory network (TRN) regulating surfactant lipid homeostasis. (A) Work
flow for construction of a TRN via data and knowledge integration from multiple independent gene expression profiling studies and
expression-independent data (protein interactions, functional annotation, promoter analyses, and literature mining) is shown. We
calculated the relative confidence score of TF–TG associations by combining the data. (B) A graphical representation of a subnetwork
consisting of predicted TF–TG pairs with confidence cutoff as 0.60 (top 4.5%) and the top 6 TFs with the highest connectivity is
shown. The network has 183 nodes and 386 links. Round nodes represent TGs; red diamond nodes represent TFs (Redrawn from Xu
et al., BMC Genomics, 11:451, 2010).
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regulators of these processes. Innate defense/
immune responses were induced at later gestational
ages (E18.5–20.5), and STAT1, AP1, and EGFR
were important regulators of these responses.
Expression of RNAs associated with the cell cycle
and chromatin assembly was repressed with advan-
cing prenatal lungmaturation, with predicted regu-
lation by FOXM1, PLK1, chromobox, and high
mobility group families of transcription factors.
Mouse strain-dependent differences in RNA
expression patterns were most apparent at E18.5,
indicating the earliermaturation of the lung inmice
of shorter gestation. At this time, mRNAs regulat-
ing surfactant and innate immunity were controlled
by the genotype of the dam. Thesemore abundantly
expressed genes were in lungs of C58BL6 mice
(short gestation) relative to the A/J strain (long
gestation), supporting the notion that prior to birth,
innate immune responses and surfactant produc-
tion are critical and “connected” processes that
influence cellular behaviors required for respiration
and survival after birth (35, 65). Timing of lung
maturation and gestational length were determined
by the maternal, not paternal, genome in these two
mouse strains.

Transcriptional Controlof theGenetic
Circuits That Regulate Maturation of
the Respiratory Epithelium
Changes in lung architecture and cardiopulmon-
ary physiology that accompany the transition to
air breathing are mediated by dramatic changes
in gene expression that controls cell proliferation
and differentiation in pulmonary epithelial cells
(35, 36). The identification of the surfactant pro-
teins and genes controlling surfactant lipid
homeostasis provided molecular tools (anti-
bodies, cDNAs, and gene promoters) useful for
a further exploration of the genetic basis of lung
epithelial maturation (33). The precise orchestra-
tion of gene expression controlling cell prolifer-
ation and differentiation directs the behavior of
cells critical for lung function. RNA microarray
and RNA-sequence studies utilized in concert
with cell lineage tracing, gene deletion, and gene
addition experiments have helped elucidate the
processes regulating lung maturation. High rates
of cell proliferation occur during the period of
embryonic lung formation as peripheral lung
structures are formed by the process of

branching morphogenesis occurring from E9.5
to approximately E17.5 in the developing mouse.
During the saccular period of perinatal lung
maturation before birth, cell proliferation
decreases in concert with increasing expression
of a multiplicity of genes associated with epithe-
lial cell differentiation (35). In the mouse lung,
proliferation of peripheral lung cells again
increases in the early postnatal period, when the
processes of septation and lung growth begin to
form the alveolar structures characteristic of the
more mature lung. Expression of genes associ-
ated with pulmonary maturation, including those
encoding the surfactant-associated proteins, par-
ticularly those related to host defense, fluid and
electrolyte transport, and surfactant homeostasis
are induced during this late saccular period in
lung development prior to birth (E17.5 to birth)
(35, 66). Bioinformatic analyses of the changes in
expression of RNAs accompanying the perinatal
period provides insight into the regulatory net-
work controlling lung function at birth (35, 45)
(Figures 4-6 and 4-7). Although relatively limited
data are available at the level of single cells, the
ability to identify the genetic processes in specific
lung cells provided by single-cell analysis have
been integrated with dynamic changes in RNAs
that occur during whole tissue development that,
together, begin to identify the genetic programs
in respiratory epithelial cells, during perinatal
lung function (36).

Single-Cell Genomics to Identify Cell-
Specific Gene Signatures and
Functions During Lung Maturation
While analysis of whole-lung RNA expression
profiles have provided an increasingly detailed
framework for understanding the integrative pro-
cesses directing lung maturation, the diversity of
cell types, their unique gene expression patterns
and functions, and the dynamic interactions of
individual cells with their neighbors has been
limited by technological constraints in isolating
single cells and in the analysis of small quantities
of RNAs. Analytic pipelines for single-cell tran-
scriptome analysis and microfluidic separation
with the Fluidigm C1 apparatus (67), was
developed for analysis of individual lung cells to
determine the hierarchical relationships among
lung cells during sacculation. This new technol-
ogy and the analytic strategy identifies a
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remarkable diversity of lung cell types, cell-
specific gene signatures, key regulators, and bio-
processes. Single-cell RNA profiling provides the
framework to delineate cell signaling and commu-
nications among distinct cell types and the iden-
tification of cell-specific transcriptional regulatory
networks, which in turn provides the opportunity
to link gene expression with the physiology, func-
tion, and phenotype of individual lung cells
during development. An analytic pipeline and
database of single-cell RNA expression data and
its relationship to changes in lung morphogenesis
during lung maturation are available at (https://
research.cchmc.org/pbge/sincera.html).

The Fetal Rhesus Macaque for Study of Lung
Maturation: Although extensive anatomic data
regarding lung structure are available for primate
models (22, 24), the molecular and genetic pro-
grams mediating lung formation and maturation
have not been extensively studied.We have utilized
the Rhesus primate to assess gene expression
during late gestation. Transcriptomic profiling of
lung RNA from fetal Rhesus macaque from gesta-
tional day 105, 130, and 150 of a 165-day gestation
was performed to identify genes and processes
controlling formation of the primate lung. The
ontogenic changes in gene expression
were evaluated for functional enrichment analyses
to predict important regulators and the distinct
biological processes associated with lung matur-
ation. Importantly, the maturational processes in
the primate lung included “blood vessel morpho-
genesis,” “regulation of innate immune response,”

“response to lipid,” G alpha, and MAPK mediated
signaling pathways, whose expression increased
with advancing gestational age. Genes and path-
ways controlling cell cycle, extracellular matrix
organization, lung development, and morphogen-
esis were inversely correlated with advancing ges-
tation age (Figure 4-8). These studies support the
concept that the enhanced lung cell differentiation
and decreased cell proliferation that occurs with
advancing gestation are generally shared between
mouse and Rhesus primate.

TransgenicMice for the Studyof Lung
Maturation
While bioinformatics analyses of large-scale
expression data generate hypotheses regarding
perinatal lungmaturation, direct experimental val-
idations using in vitro and in vivo models are
required to identify molecular mechanisms that
will provide the insights needed to develop new
diagnostic and therapeutic interventions for pre-
vention and treatment of lung disease. Identifica-
tion of genes specific for subtypes of respiratory
cells, including cells of the microvasculature, pul-
monary mesenchymal, and subsets of epithelial
cells, have been useful as a molecular “toolkit” to
identify cells and processes involved in lung for-
mation and maturation. Gene promoters specific
for lung cell types have been highly useful for
lineage tracing and for the deletion or mutation
of genes critical for lung development. A summary
of strategies for manipulating the mouse genome

A B

Figure 4-8. Identification of dynamic bioprocesses and key regulators during maturation of Rhesus Macaque lung. Gene
functions increasing (A) or decreasing (B) with advancing gestation are shown. Gene sets’ functional enrichment analysis revealed
distinct bioprocesses, pathways, and mouse phenotypes associated with the distinct gene sets. Purple color indicates shared
transcriptional enhancer binding sites in related genes. Green indicates biological processes.
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in the lung was recently provided (68). Both tetra-
cycline and tamoxifen regulatable gene constructs
have enabled temporal control of gene editing in
various pulmonary cells. Constructs containing
regulatory regions of genes selectively expressed
in subsets of respiratory epithelial cells make pos-
sible the addition, deletion, or mutation of genes
for study of lung biology in the perinatal period.
Targeted insertion into regulatory regions of genes
selectively expressed in subsets of respiratory epi-
thelial cells (for example, Scgb1a1 (targeting non-
ciliated bronchiolar cells); Foxj1 (ciliated cells);
SFTPC and Sftpc (type II epithelial and progenitor
cells); and Aqa5 (type I epithelial cells) have been
useful reagents). Targeted insertion or the use of
promoter regions of genes expressed widely in the
early embryonic respiratory epithelium (for
example, using Shh or Nkx2-1, Sox9, Sox2, and
Id2 regulatory regions) have been used to direct
gene expression in respiratory epithelial cells.
Temporal control of gene addition and deletion is
accomplished by the inclusion of either tetracyc-
line or tamoxifen controllable gene constructs.
Thus at present, genetic toolkits useful for
targeting the diverse cell types in the peripheral
lung of the mouse are well developed for experi-
mental use by the field (46, 47, 49, 50, 66, 69–80).

NKX2-1 (aka TTF-1) Plays a Central
Role in Lung Formation and
Maturation
The important role of Thyroid Transcription
Factor-1 (NKX2-1/TTF-1) in the regulation of
lung epithelial-specific gene expression was ini-
tially identified by its requirement for the tran-
scriptional regulation of genes selectively
expressed in the developing and mature lung,
including those encoding SFTPC, SFTPA, SFTPB,
and SCGB1A1 (81). NKX2-1 is a nuclear tran-
scription factor expressed in foregut endodermal
cells committed to form the primordial lung buds
at E8–9 and in varying levels in epithelial cells of
the trachea, bronchi, and peripheral lung tubules
throughout mouse development (82). Deletion of
Nkx2-1 in the mouse caused severe lung hypopla-
sia, thyroid agenesis, and tracheal–esophageal fis-
tula (83). Like many transcription factors critical
for early determination of cell fate during
embryogenesis, NKX2-1 plays a critical role in
the maturation of the respiratory epithelium prior

to birth (47). While complete deletion of Nkx2-1
caused severe pulmonary hypoplasia, hypo-
morphic mutations in NKX2-1 locus caused by
mutation of phosphorylation sites regulating its
activity rescued lung formation, but resulted in
delayed lung maturation and respiratory failure at
birth (47). Defects in sacculation and decreased
expression of a number of genes critical for sur-
factant homeostasis, fluid and electrolyte trans-
port, and innate host defense indicated the
importance of these biological processes in pul-
monary “maturation.” Analysis of lung RNA
microarray data from the Nkx2-1PM mice pro-
vided insights into both cellular and physiologic
processes required for adaptation to air-breathing
at birth. Correlation of genes whose expression
was decreased by inhibition of NKX2-1 activity
with target genes whose regulatory regions bound
NKX2-1 protein in chromatin immuno-
precipitation experiments (CHiP) was used to
predict transcriptional targets of NKX2-1 and its
coactivators (71). Thus, NKX2-1 plays an import-
ant role in lung maturation mediated by its inter-
actions with other transcription factors to
regulate target genes (Figures 4-5 and 4-6). Many
of these genes were subsequently validated by
direct experimentation to identify their roles in
lung epithelial cell function. Not surprisingly,
NKX2-1 and other genes within the proposed
network are involved in the pathogenesis of lung
disease in human patients. For example, muta-
tions in NKX2-1 and its target genes, including
ABCA3, SFTPA, SFTPC, SFTPB, SFTPD, and
SCL34AC, have been identified as the cause of
severe lung diseases in the human (33, for review).
Haploinsufficient mutations in NKX2-1 cause a
“thyroid, brain, pulmonary” syndrome associated
with hypothyroidism, central nervous system dis-
orders, and interstitial lung disease. Figure 4-5
depicts a subnetwork in which NKX2-1 interacts
with other transcription factors and signaling net-
works to regulate lipid homeostasis, fluid and
electrolyte transport, and innate host defense in
the developing lung. The temporal, spatial, and
stochastic control of the activities of these tran-
scription factors serves to differentiate and main-
tain respiratory epithelial structure and function
prior to and after birth. Recently, a long noncod-
ing RNA (lnc RNA) called NANCI was identified
as a critical regulator of the NKX2-1 gene locus,
deletion of NANCI partially phenocopies the hap-
loinsufficiency of NKX2-1 (84).
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Mesenchymal-Epithelial Cross-Talk
Plays a Critical Role in Lung
Maturation
The recognition that glucocorticoids (GCs) play
an important role in perinatal lung maturation
and function was provided by the observation that
antenatal steroid administration to the fetal sheep
protected lambs from respiratory distress after pre-
term birth. These seminal experiments resulted
in clinical trials in which antenatal glucocorticoids
were shown to decrease respiratory distress syn-
drome (RDS) in preterm infants (85). Antenatal
treatments with glucocorticoids are now standard
medical practice for women at risk of preterm deliv-
ery (86, 87). Although in clinical use for more than
40 years, only recently were the molecular and cellu-
lar mechanisms underlying their efficacy identified.
Initial in vitro studies suggested that the actions of
glucocorticoids (GCs) were mediated by their activ-
ity on respiratory epithelial cells. Deletion of the
GC receptor (Nr3c1), a transcription factor required
for many of the effects of glucocorticoids, inhibited
lung maturation in the mouse, causing perinatal
respiratory failure at birth (88). While deletion
of Nr3c1 in embryonic respiratory epithelial cells
did not alter lung structure and function, its deletion
in cells of the splanchnic mesenchyme inhibited
lung maturation and caused respiratory failure at
birth, decreasing expression of genes associated with
lung maturation and increasing those associated
with cell proliferation (88). Likewise, expression of
genes encoding proteins selectively expressed
in respiratory epithelial cells were decreased, indi-
cating the important role of glucocorticoid signaling
in the developing lung mesenchyme for the regula-
tion of respiratory epithelial cell differentiation.

Conclusions and the Future
Pulmonary “maturation” in late gestation
depends on precisely choreographed interactions

among multiple cell types, the timing varying
among diverse mammalian species. As such,
“maturation” is a relative term because growth
and differentiation of the lung is not completed
at birth. Historically, clinical lung “maturity” has
been linked to pulmonary surfactant function in
the early postnatal period. Although postnatal
ventilation and survival of extremely preterm
infants is now possible, lung structure and func-
tion are not mature, and pulmonary tissues are
subject to injury and remodeling after birth.
Understanding the processes involved in the mat-
uration of lung structure and function will inform
the development of potential therapies designed
to protect the preterm lung from injury/remodel-
ing after birth, seeking to preserve lung architec-
ture necessary for ventilation throughout life. The
complexity of the processes by which multiple cell
types interact to form the lung presents a
daunting task for present-day and future
molecular–cellular biology and physiology.

Systems biology provides a process by which
diverse and complex data can be integrated to sup-
port hypothesis generation and testing. Advances in
high-throughput screening technologies will pro-
vide an increasing wealth of data regarding the
biological processes governing normal lung mor-
phogenesis and differentiation. Understanding the
cellular and molecular processes that determine
normal lung formation and function will provide
the framework needed to interpret the “omic” data
derived frompathological tissues frompatients with
significant lung disease.
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Chapter

5
Environmental Effects on Lung
Morphogenesis and Function:
Tobacco Products, Combustion Products, and Other
Sources of Pollution
Cindy T. McEvoy and Eliot R. Spindel

Abstract
The fetal and neonatal lung are very sensitive to environmental conditions, which can alter lung
development, leading to reduced lung function and increased risk of respiratory illness later in
life. This is magnified in that the human lung primarily develops during prenatal life and
infancy, after which it increases in size but not complexity. Therefore, early life events can lead
to permanent structural changes that translate into lifelong alterations in pulmonary function
with increased risk of respiratory disease and, potentially, earlier deterioration of lung function
during the normal aging process. The effect of these exposures is dependent on individual
susceptibilities, particularly genetic polymorphism and epigenetic changes, as well as the
timing, duration, and level of exposures. In utero and early postnatal environmental factors
that have been linked to changes in lung development include maternal use of tobacco products
during pregnancy, secondhand tobacco smoke exposure, nicotine, and environmental pollu-
tion including air pollution and indoor wood-/cookstove exposures. This chapter will focus on
how these exposures lead to altered lung morphology and the resulting clinical consequences
with particular focus on the effects of in utero tobacco product exposure. Future environmental
trends likely to influence lung development include e-cigarette usage and climate change.

Keywords:
Lung development, pulmonary function, smoking, secondhand smoke exposure, indoor air
pollution, nicotine, tobacco, pregnancy, e-cigarettes, climate change

Introduction
The fetal and neonatal lung are very sensitive to
suboptimal environmental conditions, which can
alter lung development/morphogenesis, leading to
reduced/altered lung function and an increased
risk of respiratory illness later in life. This is
magnified by the fact that in humans, the lung
develops during prenatal life and infancy, after
which it increases in size but not in complexity.
Therefore, early life events can lead to permanent
structural changes that translate into lifelong
altered pulmonary function with an increased risk
of respiratory disease and may contribute to early
deterioration of lung function during the normal
aging process. The effect of these influences is
dependent on individual susceptibilities, particu-
larly genetic predispositions and epigenetic
changes, as well as the timing, duration, and level
of exposures. In utero and early postnatal

environmental factors that have been linked to
changes in lung structure include maternal use
of tobacco products during pregnancy, second-
hand tobacco smoke exposure, and exposure to
environmental pollution including air pollution
and indoor wood-/cookstove related exposures.
This chapter will focus on how environmental
exposures lead to altered lung morphology and
the clinical consequences that follow, with par-
ticular focus on the effects of in utero tobacco
product exposure. Future trends likely to influ-
ence environmental effects on lung development
include e-cigarette usage and climate change.

As discussed in the opening chapters of this
book, lung development can be roughly divided
into the pseudoglandular, canalicular, saccular,
and alveolar stages of development (1,2). During
the pseudoglandular period that lasts from 5 to 17
weeks gestation, the majority of conducting airway
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lung branching occurs. During the canalicular
stage, from 17–27 weeks, differentiation of airway
epithelium begins, and the majority of vascular
development for the conducting airways occurs.
There is also a beginning of formation of airspace
development with some development of respiratory
bronchioles. During the saccular period, from 27–
approximately 36 weeks, the terminal respiratory
sacs develop and begin to be separated by secondary
crests as forerunners to alveoli. The alveolar period
then extends from approximately 36 weeks to birth,
and alveolization continues after birth for at least
3–4 years (1,2). Thus, depending on the time of
environmental exposure, different aspects of lung
development will be affectedwith different resulting
sequelae. It is also important to note that immune
phenomenon that may play a role in asthma sensi-
tivity will be linked to stages of immune develop-
ment as well as stages of lung development.

The Effects of In Utero Tobacco
Product Exposure on Lung
Development/Morphogenesis and
Clinical Outcomes
Maternal smoking during pregnancy is the largest
preventable cause of low birth weight (LBW),
prematurity, and perinatal mortality (3,4). Mater-
nal smoking during pregnancy is also the largest
preventable cause of childhood respiratory illness,
and children whose mothers smoked during preg-
nancy show lifetime decreases in pulmonary func-
tion and increased respiratory illnesses and
asthma (5–7). Maternal smoking is estimated to
cause 10% of direct medical expenditures in the
first year of life (8), and Stoddard and Gray (9)
estimated that approximately 20% of expenditures
for childhood respiratory illness are caused by
maternal smoking, amounting to $660 million
annually in 1997 dollars.

The decreases in offspring pulmonary function
caused by maternal smoking during pregnancy
have been very clearly documented (10–17). One
of the initial reports indicating a connection
between maternal smoking and children’s respira-
tory function was from Tager et al. (10), who
reported decreases of 7–10% in the forced expira-
tory volume in one second (FEV1) in children 1–5
years of age with smoking mothers. Hanrahan et al.
(15) 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). Similarly,
Hoo et al. (17) found a significantly decreased time
to peak tidal expiratory flow to expiratory time ratio
(TPTEF: TE) in premature infants studied at a
corrected gestational age of 36 weeks whose
mothers smoked during pregnancy. This demon-
strates that the changes in pulmonary function tests
after in utero tobacco smoke exposure are not
caused just by exposures at the end of the gestation.
These deficits appear permanent, as Cunningham
et al. (18) performed tests on 8,800 nonsmoking
schoolchildren ages 8–12 and found reduced forced
expiratory flows in children whosemothers smoked
during pregnancy. A recent prospective studywith a
21-year follow-up has now extended the decreases
in FEV1 and FEF25-75 (forced expiratory flows
between 25% and 75% of FVC) in males (7).

Mechanisms Underlying Effects of
Tobacco Products and Nicotine on
Lung Development
Although epidemiologic studies clearly show that
in utero tobacco smoke exposure leads to
decreased pulmonary function in offspring, there
are multiple questions regarding mechanism.
There are multiple potential mediators of the
effects of tobacco smoke exposure on lung devel-
opment. Tobacco smoke is commonly described as
containing 3500–5000 different chemicals, many
of them toxic and carcinogenic (19,20). For com-
ponents of tobacco smoke to affect the fetus, they
have to be absorbed by the maternal lung, enter the
bloodstream, and either affect placental function
or cross the placenta and affect fetal development.
Components in tobacco smoke that meet these
criteria include the many toxins such as aromatic
hydrocarbons, carbon monoxide, and nicotine.
Although all these undoubtedly affect lung devel-
opment, experimental data suggest that nicotine is
the primary mediator of the decreases in offspring
pulmonary function caused by maternal smoking
during pregnancy.

Role of Nicotine in Modifying Lung
Development
In rodents, exposure to prenatal tobacco smoke
leads to abnormal lung development. In a ratmodel,
Collins et al. (21) showed that prenatal cigarette
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smoke caused reduced lung volume, decreased
number of saccules and septal crests, and decreased
elastin fibers in fetal lungs. Maritz and coworkers
(22–24) then showed that prenatal plus early post-
natal nicotine exposure by itself caused similar
changes, including decreased alveolar septation,
decreased elastin, and increased lamellar bodies in
rat pup lungs. The data fromMaritz and coworkers
were the first suggestion that nicotine was the crit-
ical component in tobacco smoke to alter lung
development. Providing an explanation for the
actions of nicotine on lung development, Spindel
and coworkers demonstrated extensive expression
of nicotinic acetylcholine receptors (nAChR) in
fetal monkey lung (25) as part of a cholinergic
autocrine loop in which developing airway epithe-
lium synthesized and secreted acetylcholine (ACh)
that could then interact with the nAChR in the
developing lung (26).

The developing lung expresses high levels of
nAChR (Figure 5-1). The nAChR are ligand-gated
ion channels composed of five homologous sub-
units arranged around a central ion channel, such
that binding of acetylcholine (ACh) allows ion
flow through the channel (primarily calcium and
sodium) (27,28). Ligand binding also activates
kinase cascades by a not yet understood mechan-
ism (27,29). ACh is the endogenous ligand for
nAChR, and nicotine is an exogenous ligand for
nAChR that can disrupt normal development.
Fourteen genes that code for neuronal nicotinic
subunits have been identified to date; 4 β subunits
and 10 α subunits. nAChR can be heteromers
composed of both α and β subunits, or homomers
composed of one type of α subunit. Nicotinic
receptors composed of α4 and β2 subunits
(α4β2) are the most common heteromeric nAChR
and receptors composed only of α7 subunits are

the most common homomeric nAChR.
Depending on subunit structure, nicotine can
have no effect, strongly or weakly activate, or
strongly or weakly inhibit. Thus smoking enables
nicotine crossing the placenta to inappropriately
activate or inhibit nAChR in the developing lung
and influence pulmonary morphogenesis.

Treatment of pregnant rhesus monkeys with
low levels of nicotine designed to simulate the
nicotine exposure of pregnant human smokers
increased levels of α7 nAChR in airway epithelial
cells and fibroblasts in fetal monkey lung
(Figure 5-2) and increased collagen in a similar
distribution (25,30,31). As observed in studies in
rodents, prenatal nicotine exposure decreased
levels of elastin (Figure 5-2). In the rat model,
nicotine caused lung hypoplasia, reduced surface
complexity of developing alveoli, caused discord-
ant growth of the airways and alveoli, and
increased the number of alveolar type II epithelial
cells. Consistent with increased type II cells, the
expression of surfactant protein B (SP-B) and
SP-A were increased (25).

Nicotine-induced changes in lung structure
translated into alterations in pulmonary function
in the newborn rhesus monkeys similar to those
measured in children born to smoking mothers
(Figure 5-3) (32). In the pregnant rhesus model,
dams were infused subcutaneously with nicotine at
1.5 mg/kg/day or saline from days 26 to 160 of
gestation (term is 165 days). Cesarean sections were
done at 160 days and pulmonary functionmeasured
at 24 hours of age. Nicotine significantly decreased
lung volume and forced expiratory volume (FEV
0.2), peak tidal expiratory flow during tidal
breathing, and mean mid-expiratory flow (MMEF
or FEF 25%–75%) when compared to saline con-
trols. Pulmonary resistance was significantly

Figure 5-1. Expression of nAChR in fetal monkey airway (134 days gestation). (A) α4 nAChR immunostaining (purple) in
airway epithelial cells and submucosal glands (200x); (B) β2 immunostaining (purple) in airway epithelial cells and submucosal glands
(200x) (C) α7 (red) immunostaining in airway epithelial cells and airway fibroblasts (100x). (D) Choline acetyltransferase (ChAT)
immunostaining in red, PGP a nerve fiber marker in green. ChAT, the enzyme that synthesizes ACh is clearly present in airway
epithelial cells and distinct from nerve fibers. aw = airway, smg = submucosal gland.
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increasedwhile static and dynamic lung compliance
decreased, but not significantly (Figure 5-3) (32).
Increased collagen and decreased elastin caused by
prenatal nicotine exposure likely underlies the
decreased compliance caused by nicotine
(Figure 5-2).

Changes in pulmonary function caused by
prenatal nicotine exposure were similar to those
seen in human infants exposed to maternal
smoking during pregnancy. These findings
strongly suggest that nicotine is the component
in tobacco smoke that impairs normal lung devel-
opment and leads to decreased pulmonary func-
tion in offspring of women who smoked during
pregnancy.

Studies in mice provide a potential mechan-
ism by which prenatal nicotine exposure leads to
decreased expiratory flow. In embryonic murine
lung explants cultured in vitro, nicotine stimu-
lated lung branching and caused dysanaptic lung
growth in a dose-dependent fashion. Effects of
nicotine were dependent on the presence of the
α7 nAChR receptors (33). 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, pre- and postnatal
nicotine exposure significantly decreased forced
expiratory flows in the offspring, findings similar
to those in humans and monkeys (34). Effects of
nicotine were blocked in α7 nAChR gene deleted

Figure 5-2. Prenatal nicotine exposure increases α7 nAChR and collagen expression but decreases elastin expression in
fetal monkey lung (134 days gestation). (A) α7 nAChR immunostaining of 134-day fetal lung. Chromogen = AEC (red), 100X. (B)
α7 nAChR immunostaining of 134-day nicotine-exposed lung. (C, D) In situ hybridization showing collagen α1(III) mRNA expression
in lung from control and nicotine-exposed animals (100X). (E, F) Collagen III immunostaining in lungs from control and nicotine-
exposed animals. Chromogen = AEC (red), 100x. aw = airway, carti = cartilage. (G, H) Elastin immunostaining in airway associated
vessels from control and nicotine-exposed animals. Insert boxes show elastin staining in tips of secondary septi (400x). Modified
from Sekhon et al. (30,31).
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mice (34). When mice were exposed to nicotine
during gestation days 7–21, gestation days 14 to
postnatal day 7, and postnatal days 3–15, only
exposure from prenatal day 14 to postnatal day

7 decreased forced expiratory flows in the off-
spring (Figure 5-4) (34). This time period in
mouse lung development includes the pseudo-
glandular, canalicular, and saccular periods, but
occurs before most of the alveolar period (35), a
finding supporting a primary effect of nicotine on
airway growth. Stereologic analysis of airway size
and diameter showed an increased number of
airways of small diameter after nicotine exposure
(Figure 5-5). These data support the concept that
prenatal nicotine exposure decreased forced
expiratory flows by simulating epithelial cell
growth and altering airway morphogenesis to
resulting in longer and more torturous airways;
thus forcing airflows through narrower tubes.
After prenatal nicotine, exposure to methacholine
caused increased airflow resistance in adulthood,
even in the absence of allergic sensitization, con-
sistent with a link between maternal smoking
during pregnancy and increased risk of childhood
asthma.

Thus, based on data from animal models, the
effects of smoking during pregnancy on pulmon-
ary function in the offspring are likely mediated
by nicotine acting to stimulate nicotinic receptors
expressed in the developing lung, mediated in part
by α7-nAChR. Effects of nicotine are associated
with increased collagen production and altered
airway geometry at critical periods in the latter
part of pregnancy.

Figure 5-5. Adult mice exposed to prenatal nicotine have significantly greater numbers of small bronchioles compared
with unexposed control animals. C57BL6/J female mice were administered either water or water containing 100 μg/mL nicotine
before timed breeding and throughout gestation. Lungs were from age-matched offspring at 8 weeks of age. Whole lungs were
embedded and sectioned in an isotropic, uniform randommanner to create unbiased samples for examination. Airway diameter was
measured for each visible bronchus and bronchiole. Mice exposed to prenatal nicotine had significantly greater numbers of small
bronchioles, with diameters between 60 and 90 μm (n = 8 per group). Error bars denote SD. *P < 0.05 compared with control.
Reproduced with permission of the American Thoracic Society, Copyright 2014; from Wongtrakool et al. Am J Physiol Lung Cell Mol Physiol. 2007;293:
L611–L618.
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animals in each group. (FEF50 = forced expiratory flows at 50
msec.) Similar effects were also seen for FEF75. Modified from
Wongtrakool et al. Am J Respir Cell Mol Biol. 2012;46:695–702.
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Clinical Sequela of In Utero Tobacco
Exposure
Multiple studies have shown increased lower
respiratory illness in infants born to mothers who
smoke (36–39). Taylor and Wadsworth (38) stud-
ied 12,743 children and found significantly
increased bronchitis and hospital admissions for
lower respiratory illness in children from smoking
mothers. Tager et al. (40) found increased lower
respiratory illness with prenatal smoke exposure
but not with postnatal exposure. Increased wheez-
ing and asthma in children born to mothers who
smoked during pregnancy have been repeatedly
documented (11,41–46). Prenatal exposure is
more deleterious than postnatal exposure. A large
meta-analysis drawing data from 79 prospective
studies (47) estimated the effects of prenatal and
postnatal smoking by the mother, the father, or
any other household member during three differ-
ent age ranges of the offspring: 0–2, 3–4, and 5–18
years of age. Prenatal maternal smoking had the
strongest effect on asthma in children ≤ 2 years
old. A pooled analysis of eight European birth
cohorts (48) demonstrated that maternal smoking
during pregnancy increased the risk of wheeze and
asthma among children who were not exposed to
maternal smoking after birth. A recent study also
showed a highly significant interaction between
LBW, maternal smoking during pregnancy, and
risk of the offspring developing asthma (45).

There appears to be a direct link between
decreased indices of offspring pulmonary func-
tion (primarily decreases in forced expiratory
flows in the small airways) caused by maternal
smoking during pregnancy and increased rates of
respiratory illness. Decreased pulmonary function
in infants was correlated with increased rates of
respiratory illness (40,49–55). A prospective birth
cohort study of 802 healthy babies in Norway
(52), with follow-up from the newborn period
through 10 years of age, demonstrated that
infants with measurements of TPTEF: TE at or
below the median shortly after birth have a his-
tory of asthma (24.3% vs. 16.2%, p = 0.01; OR of
1.58); have current asthma (14.6% vs. 7.5%, p =
0.005; OR of 2.10); and have severe bronchial
hyperresponsiveness (9.1% vs. 4.9%, p = 0.05) at
10 years of age (52). From this same cohort,
infants whose passive respiratory compliance
was at or below the median shortly after birth
were more likely to have a history of asthma

(27.4% vs. 14.8%, p = 0.001; OR of 2.18) and
current asthma (15.0% vs. 7.7%, p = 0.009; OR
of 2.01). Similarly, Tager et al. (40) showed that
the decreased VmaxFRC seen with prenatal
smoke exposure correlated directly with increased
lower respiratory illnesses (LRIs). An increased
risk of wheezing in the first years of life was
reported in children with a decreased ratio of
TPTEF: TE measured in the first week of life
(53) or at 3 months of age (50,53), and in those
with reduced VmaxFRC at 1, 3, and 6 months of
age (40,50,54,56). Another population-based lon-
gitudinal study demonstrated that infants less
than 6 months of age with a decreased VmaxFRC
developed wheezing and lower respiratory tract
illnesses in the first year of life (40). In addition,
results from the Tucson Children’s Respiratory
Study demonstrated that children in the lowest
quartile of pulmonary function continue to have
decreased pulmonary functions as young adults,
putting them at increased risk for developing
chronic obstructive pulmonary disease (COPD)
as adults (55,57).

These findings emphasize the importance of in
utero or early life interventions to promote opti-
mal lung development and function. A recent
double-blind study (58) randomized pregnant
smokers to daily vitamin C (500 mg/day) versus
placebo during pregnancy and demonstrated that
offspring born to women who received vitamin
C had significantly improved newborn pulmonary
function tests and decreased wheezing through
1 year of age. These findings suggest that in utero
interventions offer the potential to influence
factors related to the fetal origins of childhood
and adult respiratory disease.

Implications for Nicotine
Replacement Therapy During
Pregnancy
A variety of nicotine replacement products, includ-
ing nicotine-containing gums, patches, lozenges,
and sprays, are currently available to potentially
reduce the craving for smoking and thereby poten-
tially decrease the pregnant smoker’s exposure to
other toxins present in cigarette smoke. Unfortu-
nately, there is a strong body of evidence that nico-
tine itself is an important mediator of the adverse
effects on the fetal lung. There is no evidence sup-
porting a safe dose for nicotine replacement therapy
during pregnancy. In addition, there is insufficient
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evidence from randomized trials of nicotine
replacement therapy (NRT) to determine whether
or not NRT is effective or safe to promote smoking
cessation during pregnancy andwhether it has posi-
tive or negative impacts on birth outcomes. Cole-
man et al. randomized 1,050 pregnant smokers to
active nicotine patches versus placebo patches. Both
groups also received behavioral cessation support.
There was no difference in the rate of abstinence
from the quit date until delivery between the two
groups, although the compliance of both groups
was low. A recent Cochrane review (59) examined
the safety and efficacy of six trials of NRT in 1,745
pregnant smokers. No significant differences for
smoking cessation or other important birth-related
outcomes were demonstrated between randomized
groups.

Secondhand Tobacco Smoke
Exposure
Despite the implementation of laws requiring
smoke-free public and working places, second-
hand tobacco exposure remains a significant
burden to those who do not actively smoke. This
is particularly true for developing fetuses and
young children who spend the majority of time
in their home environment, where secondhand
smoke (SHS) exposure is present. Multinational
studies report that up to 40% of pregnant non-
smokers are exposed to SHS due to smokers in
their home environment. SHS consists of exhaled
smoke as well as sidestream smoke that is released
from a burning cigarette between inhalations,
both of which have very similar compositions.
Although the composition of SHS changes as it
is diluted with ambient air in the environment
and interacts with other compounds, SHS con-
tinues to contain significant amounts of nicotine
(60). The effects of SHS exposure during preg-
nancy on lung development will likely depend on
the relative amounts of nicotine and other toxins
crossing the placenta. There is evidence from a
recent meta-analysis that exposure of pregnant
nonsmokers to SHS can reduce the mean birth
weight of offspring by up to 33 grams and
increase the risk of birth weight by less than
2,500 grams (61).

Because most pregnant nonsmokers who are
exposed prenatally to a smoking home will likely
continue this exposure postnatally, it is difficult to
identify the specific effects of prenatal and

postnatal SHS exposure on fetal lung develop-
ment and postnatal respiratory health.
A population-based cohort of 5,619 7-year-old
Toronto children was evaluated for the longitu-
dinal association between maternal smoke expos-
ure in pregnancy (active smoker and passive
exposure) and childhood asthma development
by parental report (62). The children whose
mothers smoked or were exposed to home sec-
ondhand smoke during pregnancy were more
likely to develop asthma with an adjusted hazard
ratio of 1.3. This association persisted for children
of nonsmoking mothers exposed to SHS in the
home during pregnancy after adjusting for SHS
exposure from birth to age 7 years.

The impact of perinatal SHS exposure on
airway obstruction and hyperresponsiveness has
been investigated in a rat model (63) in which
pregnant Sprague-Drawly rats were exposed to
filtered air or to sidestream smoke in utero and/
or postnatally for 4 hours per day, 7 days per week
from day 3 of gestation until birth. The pups were
exposed to filtered air containing sidestream
smoke for 7–10 weeks postnatally. Rats exposed
both prenatally and postnatally to sidestream
smoke had significantly lower dynamic compli-
ance and significantly greater reactivity to metha-
choline than those exposed to the other three
treatments. Both pre- and postnatal exposure to
sidestream smoke was needed to change pulmon-
ary function (63). The effect of perinatal SHS was
studied by Joad et al. at the California National
Primate Center in a nonhuman primate model, in
which pregnant rhesus monkeys were exposed to
filtered air or SHS for 6 hours per day. Exposure
for 5 days per week started at 50 days of gesta-
tional age and continued postnatally until
3 months of age altered with intrinsic airway
responsiveness and alveolar attachments (64).

E-cigarettes and Pregnancy
Electronic cigarettes (E-cigarettes) are tobacco-
free nicotine delivery devices in which burning
tobacco is replaced by a battery-operated atomizer
that produces an aerosol from a liquid containing
nicotine and flavoring. The liquid used to solubil-
ize nicotine contains carrier solvents such as gly-
cerol and/or propylene glycol, which deliver the
nicotine and flavorings directly into the respira-
tory tract. Potential effects of e-cigarettes on lung
development will include exposure to nicotine and
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production of toxins from the carriers. E-cigarette
use during pregnancy exposes the mother and
fetus to nicotine and potential toxicants in an
aerosol and includes the potential risks associated
with secondhand exposure to e-cigarette vapor.
Aerosols from e-cigarettes contain toxic and car-
cinogenic carbonyl compounds such as formalde-
hyde, acetaldehyde, and acrolein (65–68). In
particular, levels of formaldehyde were compar-
able to those measured in regular cigarette smoke.
Levels of these compounds vary dramatically,
depending on the brand or model of e-cigarette
and the formulation of the aerosol liquids.
E-cigarette vapor and secondhand e-cigarette
vapor may affect lung development in a manner
similar to smoking and are therefore likely risks to
the infants of mothers using e-cigarettes.

A major concern with e-cigarettes is their
potential to deliver nicotine during pregnancy.
Progression toward nicotine dependence associ-
ated with e-cigarettes is still unclear. Although
there appears to be a learning curve for effective
“vaping” (69,70), experienced users of e-cigarettes
achieve levels of nicotine and cotinine similar to
individuals using conventional cigarettes (69–71).
E-cigarettes have the potential to deliver as much
nicotine as conventional cigarettes and therefore
to alter lung development in similar fashion. It is
likely that e-cigarettes will prove to be as addictive
as conventional cigarettes. Advertising conveys
the concept that e-cigarette usage is safe, but their
use may lead to addiction in vulnerable individ-
uals who will continue use of e-cigarettes during
pregnancy. Use of e-cigarettes in adolescents is a
particular concern because they may be at greater
risk to develop nicotine addiction and to continue
the use of e-cigarettes during pregnancy (72–75).

Environmental Pollution
Increased environmental air pollution is associ-
ated with increased risk of childhood asthma,
respiratory infections, and indices of reduced lung
function(76–79). Various types of air pollution,
including particulate matter, ozone, nitrogen
oxides (NO), sulfur oxides, and carbon monoxide
(CO) have been associated with altered lung
development. Environmental air pollution is asso-
ciated with increased risk of premature delivery
and intrauterine growth restriction (80–82).
Effects on birth weight have been summarized
by Proietti et al. (83). For most of the

epidemiologic studies on the effects of air pollu-
tion on lung development, it is difficult to differ-
entiate prenatal from early childhood effects.

In a study by Jedrychowski et al. (84), children
in Poland exposed to the highest quartile of PM2.5

(inhalable material <2.5 μm in diameter) had
significant decreases in FVC, FEV1, and FEV0.5.
The increased exposure to PM2.5 was in turn
associated with increased wheezing at 2 years of
age, though this effect was no longer significant
by 4 years of age (85). Mortimer et al. (86) identi-
fied negative associations among pulmonary
function with prenatal and early exposures to
PM10, NO, and CO in asthmatic children,
although associations were for specific subgroups
of children (86). Exposure to increased levels of
CO during pregnancy increased allergic sensitiza-
tion in children with asthma (87). In a retrospect-
ive study of 37,401 children born in British
Columbia by Clark et al. (88), the incidence of
asthma in 3- to 4-year-olds was correlated with
estimated levels of in utero and first year of life
exposures to air pollution. There was an increase
in asthma risk with increased exposure to NO,
CO, and PM10.

The mechanisms by which exposure to air
pollution alter lung development and lead to
increased respiratory disease are not completely
clear, although animal models have been
developed to examine effects of both particulate
and gaseous pollution. Fedulov et al. (77) showed
that exposure of pregnant mice to diesel exhaust
particles, as well as to inert particles, resulted in
increased airway reactivity in the offspring. Plop-
per, Schelegle, and colleagues at the California
National Primate Research Center developed
models of ozone exposure to infant monkeys to
determine how ozone affects lung development
and leads to lung disease. Ozone is a strong oxi-
dant and is a major component of air pollution in
cites. Ozone is formed by the interaction of sun-
light with hydrocarbons and nitrogen oxides pro-
duced during combustion. Exposure of infant
monkeys to ozone caused decreased lung branch-
ing, hyperplastic airway epithelium, alterations in
alveolar development, and smooth muscle remod-
eling (89). The combination of ozone and allergen
increased the innervation and increased CD25+
cells of the airway epithelium (90,91), providing a
potential link between ozone and asthma. Miller
and coworkers have suggested that early exposure
to ozone causes long lasting changes in innate
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immunity that may be regulated by changes in
miRNAs, potentially miR-149 (92). Auten et al.
(93) reported that prenatal exposure to diesel
exhaust particles further enhanced airway reactiv-
ity and abnormalities in alveolar development.
Thus, there is likely considerable interaction
between multiple pollutants among pre- and post-
natal exposures.

Indoor Air Pollution: Biomass Fuel
Exposure, Wood Smoke, and
Cookstoves
Over half of the world’s population (an estimated
3 billion people) and 90% of households in rural
areas of developing countries burn unprocessed
biomass fuel, typically wood, charcoal, dried
animal dung, and agricultural residues. Incom-
plete combustion results in gaseous air pollutants
and fine particulate matter (PM) that linger in the
cooking area. Women and children in low- and
middle-income countries are disproportionately
impacted by exposure to high levels of indoor
air pollution related to their role in cooking for
the family. Significant increases in respiratory
diseases including doubling of the risk of pneu-
monia and other acute lower respiratory infec-
tions in children <5 years of age (94) and an
increased risk of COPD, asthma, and tuberculosis
in adults have been reported (95). A recent meta-
analysis (95) extracting data from 25 studies dem-
onstrated an overall pooled OR that indicated a
significant association of solid biomass fuels with
acute respiratory infections in children (OR 3.53,
95% CI 1.94 to 6.43). No significant association
with asthma was noted; however, only four appro-
priate studies in children were available for analy-
sis (95). Although tobacco smoking is an
established risk factor for COPD, 25–45% of
patients with COPD have never smoked.
Emerging evidence suggests that biomass expos-
ure may be among the biggest risk factors for
COPD globally (96).

The relationship between biomass use and
adverse pregnancy outcomes/abnormal lung
development is only partially understood. Because
smoke from biomass cooking and heating pro-
duces many of the same pollutants found in
tobacco smoke and outdoor air pollution, there
is good reason to expect a relationship between
exposure to biomass smoke and adverse lung
development. Like tobacco, smoke from biomass

combustion produces a large number of health-
damaging air pollutants, including PM, carbon
monoxide, nitrogen oxides, formaldehyde, ben-
zene, 1,3 butadiene, polycyclic aromatic hydrocar-
bons, and many other toxic organic compounds
(97). Carbon monoxide binds to hemoglobin-
forming carboxyhemoglobin, which reduces the
ability of blood to carry oxygen with a potential to
cause intrauterine growth restriction (IUGR),
reduced birth weight, or perinatal mortality.
There is evidence for probable in utero effects of
biomass exposure. Analysis of 3,559 childbirths in
Zimbabwe demonstrated that babies born to
mothers cooking with wood, dung, or straw were
175 grams lighter compared to babies born to
mothers using liquefied petroleum gas, natural
gas, or electricity (98). A population-based cohort
of 11,728 live born infants were followed from
birth through 6 months of age in India, and
exposure to biomass fuel was associated with an
adjusted 49% increased risk of LBW, a 34%
increased incidence of respiratory illness, and a
12% increased risk of 6-month infant mortality
(99). The mean BW was 104.5 grams lower in
infants born to women from biomass using
households (99). A study in India demonstrated
a significant increase in stillbirths associated with
cooking with biomass fuels (OR = 1.44; 95% CI:
1.04–1.97) (100). A significant increase in severe
stunting (height at 2 standard deviations below
the median of an international reference popula-
tion recommended by the World Health Organ-
ization) and moderate to severe anemia
(hemoglobin < 9.9 g/dL) was associated with
biomass fuel use in India (101). IUGR has been
associated with reduced lung function in infants
(102), children (103), and adults (104), indicating
it may influence lung function throughout life.
Indeed, exposure to biomass smoke was associ-
ated with deficits in lung function (FEV1, FVC,
FEV1/FVC, and forced expiratory flow at 25–75%
of FVC), an effect that can be detected as early as
the late teenage years, suggesting a detrimental
effect of biomass smoke exposure on lung growth
in early life (105).

PM in biomass smoke may increase the
chance of an adverse pregnancy outcome by redu-
cing the mother’s lung function and increasing
maternal risk for chronic and acute respiratory
diseases that may reduce oxygen delivery to the
fetus. In biomass burning households, the PM10

and PM2.5 often exceed guideline levels of mean
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24-hour concentration, especially during cooking
(106). Histologic sections of adult lungs have
shown that ambient PM penetrates into and is
retained in the walls of small airways. Even in
nonsmokers, long-term exposure to high levels
of ambient particulate pollutants is associated
with small airway remodeling that may produce
chronic airflow obstruction (107). A controlled
trial in households in Mexico randomized to Pat-
sari stoves (that reduce indoor emissions) versus
traditional open fires demonstrated that the Pat-
sari stove was associated with significantly lower
risk of respiratory symptoms, including cough
and wheezing, and a lower FEV1 decline over a
1-year follow-up compared to open fire use in
women over 20 years of age (108). This reduction
of respiratory symptoms and of slower lung func-
tion decline was comparable to smoking cessation
(108). Polycyclic aromatic hydrocarbons (PAHs)
are also important potential toxins present in
biomass combustion. Some of the individual
PAHs are classified as Class II carcinogens, and
benzopyrene is classified as a class I carcinogen.
As a whole, PACs have been associated with
immunotoxicity (109). Women who cook exclu-
sively with wood or kerosene have higher
creatinine-adjusted hydroxyl-PAH levels in their
urine samples compared to women who cook
with liquefied petroleum gas or coal briquettes
(109). In a subset of the women in the previous
trial who were randomized to the use of the Pat-
sari stove versus open fire cooking, use of the
Patsari stove also significantly reduced carbon
monoxide and polycyclic aromatic hydrocarbon
exposures (110).

Although the relationship between indoor air
pollution and increased respiratory disease
appears well established, our understanding of
the underlying molecular and cellular events cul-
minating in the pulmonary response is limited
and evolving. Exposure to wood smoke PM in cell
cultures is associated with increased expression
and production of proinflammatory cytokines,
oxidatively damaged DNA, and oxidative stress
(111). An emerging hypothesis is that chronic
PM exposure causes oxidative stress, reduced
immunity, and subsequent infection. The oxida-
tive potential of PM collected during the burning
of wood and mixed biomass was evaluated with a
validated, synthetic respiratory tract lining fluid.
Incubation of this fluid with PM for 4 hours
caused large losses of ascorbate and reduced

glutathione, both physiologically relevant antioxi-
dants (112). Short-term controlled exposure to
high concentrations of wood smoke with inter-
mittent exercise was associated with increased
arterial stiffness and decreased heart rate variabil-
ity in humans (113).

Studies in humans with regard to mechanisms
have been less clear cut. A recent study in humans
examining high inhalation exposure to wood
combustion for a 1-week period demonstrated
limited systemic effects in terms of inflammation,
monocyte activation, and oxidative stress to DNA
(114). Controlled woodstove exposure for 3-hour
periods for 2-week intervals in atopic subjects did
not alter markers of oxidative stress, DNA
damage, cell adhesion, cytokines, or microvascu-
lar function (115). Also, short-term exposure to
wood smoke at a concentration normally found in
a residential area with a high density of burning
woodstoves caused only mild inflammatory
responses (116). Nevertheless, the role of environ-
mental smoke will likely continue to be an area of
active investigation.

Genetic Susceptibility
Both genetic polymorphisms and epigenetic
factors regulating sensitivity of the lung to envir-
onmental exposures are likely strong factors that
modify the effects of the environment or the out-
come of programming and subsequent lung func-
tion in the offspring. Underlying the increased
genetic susceptibility to environmental effects on
lung development may be genetic polymorphisms
that alter coding regions of genes either through
deletions or single nucleotide polymorphisms
(117). Most often these represent mutations in
genes that either defend against the specific
effector or genes that mediate the effects of the
specific effector. Genetic polymorphisms can
occur in either the mother, the fetus, or both. This
concept is well illustrated by genetic polymorph-
isms that mediate the sensitivity of the fetus to
maternal smoking during pregnancy.

Effects of maternal smoking during pregnancy
are strongly mediated by nicotine.
A polymorphism in the α5 nAChR, in which
amino acid 398 is changed from Asp to Asn,
increases the risk of smoking-related diseases such
as lung cancer, COPD, and the degree of nicotine
addiction (118). This same polymorphism in the
mother increases the sensitivity of the fetus to the
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effects of maternal smoking during pregnancy on
lung development. As shown in Figure 5–6,
infants whose mothers smoked during pregnancy
had diminished pulmonary function if their
mothers were heterozygous or homozygous for
the α5 risk allele. This polymorphism in the
mother increased the severity of IUGR caused by
maternal smoking (119). Thus, maternal genotype
can affect the sensitivity of the fetus to tobacco
smoke.

Polymorphisms in the glutathione transferases
(GST) (120), enzymes critical for antioxidant
defenses, are examples of how the infant’s geno-
type makes the child more sensitive to effects of
environment on lung health. Deletions in GST
M1 increase the sensitivity of children with
asthma to ozone (121). Infants with deletions in
GST M1 and GST T1 are more sensitive to
respiratory effects of maternal smoking during
pregnancy (122,123).

In addition to genetic mechanisms, epigenetic
mechanisms can influence environmental effects
on lung development. This was demonstrated by
Rehan et al. (124), who showed that exposure of
mice to prenatal nicotine increased airway
reactivity and increased DNA methylation.
Increased airway reactivity and the alterations in

DNA methylation were transmitted to subsequent
generations even without continued nicotine
exposure. Epigenetic changes also likely mediate
the effects of maternal smoking on human lung
development as well because maternal smoking
changes DNA methylation in placenta, cord
blood, and epithelial cells of the offspring
(125,126).

Environmental Effects of Climate
Change and Lung Development
While the potential for climate change to affect
lung development and disease is speculative,
climate change is likely to alter patterns of air
pollution and allergens. It is therefore reason-
able to speculate that changes related to global
warming would affect lung development and
disease. The American Thoracic Society (127)
and the European Respiratory Society (128)
have issued position papers outlining the poten-
tial effects of climate change on respiratory
health and its potential effects on lung develop-
ment. Higher temperatures may result in more
air pollution greater energy use for air condi-
tioning (127,128) and increased PM associated
with forest fires that may be more common
(129). Higher temperatures combined with
increased energy needs may result in higher
levels of ground-level ozone (130). Thus,
increases in PM and ozone may occur with
climate change and bring about adverse effects
on lung development and respiratory systems.

In addition, environmental pollution and cli-
mate change are likely to increase pollen associ-
ated with higher temperatures and changing rain
patterns (127,129,130). Increased temperatures
and flooding may also be associated with
increased mold (130). The combination of
increased pollution and increased allergens
(pollen and mold) has the potential for increasing
asthma incidence.

Future Prospects
It is difficult to forecast the effect of environ-
mental changes or the burden of lung disease in
the future. Increasing population and climate
change are likely to cause increased air pollu-
tion. Decreasing tobacco use and more use of
less-polluting indoor stoves may decrease envir-
onmental pollution. The impact of E-cigarettes
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Figure 5-6. Effect of maternal α5 nAChR (rs16969968)
genotype on sensitivity of fetus to maternal smoking
during pregnancy. Infants whose mothers were homozygous
for the risk allele of α5 single-nucleotide polymorphism (SNP)
rs16969968 in which amino acid 398 of the α5 nAChR is
changed from Asp to Asn showed the largest decrease in
TPTEF:TE (ratio of time to peak tidal expiratory flow to
expiratory time) if mothers smoked during pregnancy. Error
bars show standard deviation. Asp = mothers homozygous for
nonrisk allele (Asp/Asp), Asp/Asn = heterozygotes, Asn =
mothers homozygous for risk allele (Asn/Asn). * p < .01, ** p <
.001 compared to nonsmokers of same genotype by t-test.
(Modified from McEvoy et al. JAMA. 2014;311:2074–2082.)
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on human health is an evolving experience. It is
hoped that data regarding its import will result
in regulation that may minimize its impact in
infant health. There will undoubtedly be more
personalized-medicine approaches brought to
bear on the potential effects of the environment.
New genomic techniques, be it SNP analysis or

direct DNA sequence analysis, will allow for the
identification of individuals most at risk for the
effects of smoking, air pollution, or allergic
stimuli. Targeted efforts to lessening the envir-
onmental risk or specific therapeutic interven-
tions, including in utero therapies, may
moderate lung disease in the future.
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Chapter

6
Congenital Malformations of the Lung
Susan E.Wert and Kathryn A.Wikenheiser-Brokamp

Abstract
Congenital lung malformations are a heterogeneous group of abnormalities resulting from
defective foregut specification, branching morphogenesis and cell proliferation, survival, and
differentiation. Advancements in radiologic imaging and routine investigations in utero have
resulted in a shift from postnatal to prenatal diagnoses. Prenatal diagnosis provides an oppor-
tunity to follow congenital malformations sequentially to better understand pathophysiological
mechanisms. Genetic analysis of patients with hereditary lungmalformations has also shed light
on the molecular mechanisms underlying aberrant lung organogenesis. In this chapter, an
overview of the five stages of lung development is given followed by discussion of the congenital
lung malformations that result from defects in early and late lung morphogenesis. The malfor-
mations are described followed by a discussion of the associated syndromes, etiology, and
pathogenesis with a focus toward the underlying cellular and molecular mechanisms. Clinical
presentations, diagnosis, treatments, and outcomes are summarized, including radiographic
and pathologic images of the most common malformations. The anomalies are presented in a
format designed to provide clinicians caring for fetal and neonatal patients as well as scientists
interested in lung development with a concise, up-to-date overview of congenital lung malfor-
mations and the deregulated cellular and molecular processes underlying their pathogenesis.

Keywords:
Lung malformations, tracheoesophageal fistula, agenesis, dysplasia, congenital pulmonary
airway malformation, pulmonary sequestration, pulmonary hypoplasia, pulmonary
lymphangiectasia, congenital lobar emphysema, pleuropulmonary blastoma

Overview of Human Lung
Development
Human lung development is normally divided
into five overlapping, chronological stages of
organogenesis, which describe the structural and
histologic changes that occur during morphogen-
esis and maturation of the lung (1–3). These five
stages include the embryonic, pseudoglandular,
canalicular, saccular, and alveolar stages of lung
development, which extend throughout gestation
and into the postnatal period (Table 6-1). Human
lung development is initiated during the early
embryonic period of gestation (3–7 weeks gesta-
tion) as a small saccular outgrowth of the ventral
foregut endoderm, called the respiratory diver-
ticulum. During the subsequent pseudoglandular
stage of lung development (5–17 weeks gestation),
formation of the conducting airways, that is, the
tracheobronchial tree, occurs by elongation and
repetitive branching of the primitive bronchial
tubules. By the end of this period, the terminal
bronchioles have divided into two or more
respiratory bronchioles, which will subdivide

again into small clusters of short acinar tubules
and buds. These peripheral structures will become
the adult pulmonary acinus, consisting of respira-
tory bronchiole, alveolar duct, and alveoli. Vascu-
larization of the surrounding mesenchyme with
formation of the air–blood barrier, that is, the
alveolar–capillary respiratory membrane, occurs
during the canalicular stage of lung development
(16–26 weeks gestation). Cytodifferentiation of
bronchiolar and alveolar epithelial cells is also
initiated during this stage. Enlargement and
expansion of the peripheral air spaces occurs
during the saccular stage of lung development
(24–38 weeks gestation), resulting in the forma-
tion of primitive sac-like alveoli separated by thick
interalveolar septa. Formation of thin secondary
alveolar septa and remodeling of the capillary bed
occurs during the alveolar stage of lung develop-
ment (36 weeks gestation to 2 years of age), giving
rise to the mature alveolar organization of the
adult lung.

While definitive alveoli are found in the
human lung by 36 weeks of gestation, 85–90% of
all alveoli are formed within the first 6 months of
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life (4). After 6 months, alveolar formation occurs
at a slower pace until about 8 years of age, when
further growth of the lung becomes proportional
to growth of the body (5,6). Overall, the number of
alveoli increases by about sixfold between birth
and adulthood, that is, from an average of 150 mil-
lion alveoli (range: 110–174 million) in the term
lung (7) to 480 million alveoli (range: 274–790
million) in the adult human lung (8).

Congenital Malformations
Associated with Lung Initiation
and Formation
These are a group of rare abnormalities that are
caused by defective budding, branching, differen-
tiation, and/or separation of the primitive lung
from the foregut during early lung development.
Often these lesions result in obstruction of the

Table 6-1. Summary of human lung development.

Developmental Stage Major Developmental Events

Embryonic Lung bud arises from ventral foregut endoderm

3–7 wk. gestation Branching morphogenesis initiated
Primary, secondary, and tertiary bronchi form
Trachea and esophagus separate
Pulmonary arteries bud off 6th pair of aortic arches
Pulmonary veins develop as outgrowths of left atrium
Autonomic innervation extends to trachea and bronchi

Pseudoglandular Branching morphogenesis continues

5–17 wk. gestation Tracheobronchial tree formed by 17 wk.
Cartilage and glands develop in conducting airways
Airway smooth muscle extends to bronchioles
Basal, ciliated, mucus, and neuroendocrine cells differentiate
Acinar tubules form in peripheral lung
Pulmonary arterial development parallels airway branching
Pulmonary lymphatics arise from pulmonary veins
Autonomic innervation parallels airway branching
Pleuroperitoneal cavity closes

Canalicular Acinar tubules lengthen and subdivide

16–26 wk. gestation Mesenchyme begins to thin/condense
Primitive alveolar capillary network forms
Alveolar type I/type II cells differentiate
Surfactant synthesized and stored in type II cells

Saccular Acinar tubules expand into thin-walled, fluid-filled saccules

24–38 wk. gestation Mesenchyme thins further to form primary alveolar septa
Alveolar septa contain well-formed, double capillary network
Elastin deposited at future sites of septal crest formation
Type I cells flatten and elongate
Surfactant synthesized and secreted by type II cells
Fetal breathing initiated/gas exchange feasible

Alveolar Alveolar surface area for gas exchange increases

36 wk. gestation–2 yr. Secondary alveolar septa subdivide saccules into true alveoli
Alveolar septa thin further with loss of connective tissue
Double capillary network fuses into a single network
Fibroblasts proliferate and differentiate
Collagen, elastin, and fibronectin deposited
Surfactant production and secretion increase in type II cells
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airway, which subsequently causes secondary
cystic or dysplastic changes in the lung (9–11).
Pulmonary vascular abnormalities also cause
obstructive malformations of the lung and con-
ducting airways during development, and it is
common to see overlapping, combination, or
hybrid lesions composed of more than one
abnormality.

In general, there are four different categories
of congenital malformations associated with the
early period of lung formation: (1) lung/foregut
abnormalities, including trachea–esophageal fis-
tula (TEF), tracheal agenesis, and bronchogenic
cysts; (2) conducting airway abnormalities, such
as tracheal and bronchial stenosis and malacia; (3)
pulmonary or parenchymal abnormalities, such
as pulmonary agenesis, acinar dysplasia, and
alveolar capillary dysplasia; and (4) associated
vascular abnormalities, including agenesis of the
pulmonary artery, aberrant pulmonary arteries,
anomalous pulmonary venous drainage, and pul-
monary arteriovenous malformations.

Multiple congenital malformations in other
organ systems are commonly found in conjunc-
tion with these early lesions and include musculo-
skeletal, cardiovascular, gastrointestinal (GI), and
genitourinary (GU) abnormalities. In some cases,
chromosomal disorders or single gene mutations
have been associated with these malformations.
Many of these mutated genes are important for
the maintenance of self-renewing progenitor/stem
cells, for cell proliferation and differentiation, or for
migration and adhesion, that is, processes import-
ant for morphogenesis and differentiation of the
lung, as well as other organs.

Lung/Foregut Abnormalities
Tracheoesophageal Fistulas
Most congenital malformations of the tracheo-
bronchial tree arise during formation of the
respiratory diverticulum and branching mor-
phogenesis of the lung. One of the most critical
events in the formation of the respiratory
system is the initial separation of the primitive
foregut into respiratory and digestive tracts.
This process begins during week 3 of gestation
and is complete by week 6 of the embryonic
period of lung development. Failure of this pro-
cess to proceed normally results in a variety of
defects, including formation of a tracheoesopha-
geal fistula (TEF).

TEF is one of the most commonly encoun-
tered abnormalities of the trachea with an inci-
dence of 1 in 3,500 live births and is usually found
in combination with various forms of esophageal
atresia (EA) (12–14). The most common combin-
ation is EA with a lower, or distal, TEF, in which
the upper, or proximal, esophagus ends in a blind
pouch, while the lower, or distal, esophagus ori-
ginates from the trachea. This combination,
known as a Type C fistula, accounts for 87% of
all TEF cases (15). Other combinations include
(1) isolated EA without a fistula (Type A); (2) EA
with a proximal fistula connecting the proximal
esophagus and the trachea with the distal esopha-
gus forming a blind pouch (Type B); (3) EA with
a double fistula, where both proximal and distal
portions of the esophagus join the trachea at
separate points along its length (Type D); and
(4) an isolated, or common, fistula without EA
(Type E), which may be difficult to diagnose if the
fistula is small. Rarely, the trachea may fail to
separate from the esophagus along its entire
length. Interestingly, these anomalies do not
interfere with cellular differentiation, so that the
ventral, or anterior, tracheal segments will contain
ciliated cells and cartilaginous rings, while the
dorsal, or posterior, esophageal segments contain
stratified squamous epithelium and muscle (16).

Defects in development of the esophagus and/
or trachea disrupt breathing and feeding in the
newborn infant. Infants often present with
respiratory distress, secondary to airway obstruc-
tion caused by excess secretions or mucus, and/or
aspiration of gastric contents into the lung
through the fistula. Excessive salivation, vomiting,
cough, choking, and cyanosis after feeding are
seen in the immediate postnatal period. In com-
parison, children with an isolated TEF usually
present with recurring pneumonia, aspiration,
and/or persistent cough with failure to thrive.
Diagnosis of EA/TEF is confirmed by endoscopic
and/or radiologic examination. TEF in low-birth-
weight infants is often associated with a variety of
other malformations, which carries a high risk for
a poor outcome. In comparison, survival from an
isolated TEF is almost 100% in term infants.

TEFs are often associated with multiple organ
abnormalities (~50% of all cases), the most
common being GI malformations and congenital
heart defects (17). For example, familial EA/TEF
occurs in 30–40% of those with Feingold syn-
drome [Online Mendelian Inheritance of Man
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(OMIM) #164280], which is also characterized by
duodenal atresia, digital abnormalities, and micro-
cephaly (17). TEFs with EA are found in 50–80% of
subjects with VATER/VACTERL syndrome
(OMIM #192350), which is comprised of multiple
developmental abnormalities, including vertebral
defects, anal atresia, cardiac defects, TEF, renal
malformations, and limb defects (18). In general,
the incidence of cardiac malformations associated
with EA/TEF is 13%, while that for skeletal defects
is 11%; anal atresia, 10%; and renal malformations,
5% (17).

Although the majority (90%) of EA/TEF cases
arise as sporadic events with a low risk of recur-
rence (17), multiple genetic abnormalities and
syndromes involving chromosomal disorders or
single gene mutations have been associated with
EA/TEF. Chromosomal anomalies have been
reported in about 6–10% of EA/TEF patients in
association with trisomy 18 (Edwards syndrome)
and trisomy 21 (Down syndrome, OMIM
#190685) (15,17,19), while single gene mutations
have been reported in several other syndromes
associated with EA/TEF (12,14,15). For example,
Feingold syndrome (familial EA/TEF) is caused
by heterozygous mutations in the oncogene,
MYCN (OMIM *16840), which is downstream of
SHH signaling and regulates cell proliferation;
while AEG syndrome (anophthalmia, esophageal,
genital; OMIM #206900), in which the incidence
of EA is 100% with or without TEF is caused by
heterozygous mutations in the SOX2 gene
(OMIM *184429), a transcription factor essential
for maintenance of self-renewing progenitor/
stems cells. EA/TEF also occurs in 10% of patients
with CHARGE syndrome (coloboma of the eye,
heart defects, choanal atresia, retarded growth,
genital hypoplasia, and ear anomalies, OMIM
#214800), which is caused by heterozygous muta-
tions in the transcriptional regulator, CHD7
(OMIM *608892), an important nuclear cofactor
for SOX2 activity. Opitz G/BBB syndrome
(OMIM #145410), in which the prevalence of
EA/TEF is 44%, is caused by a heterozygous dele-
tion on chromosome 22 (autosomal dominant
inheritance) or by heterozygous mutations in the
MID1 gene (OMIM *300552; X-linked inherit-
ance), a microtubule-associated protein involved
in the cell cycle. VATER/VACTERL syndrome is
associated with heterozygous mutations in the
transcription factor, HOXD13 (OMIM *142989),
a gene that is downstream of the SHH signaling

pathway and is important for cell adhesion pro-
cesses. X-linked VACTERL with or without
hydrocephalus (OMIM #314390) is associated
with mutations or deletions of the nuclear local-
ization factor, ZIC3 (OMIM *300265), while one
patient with VACTERL plus hydrocephalus
(OMIM #276950) was found to have a mutation
in the phosphatase encoding gene, PTEN (OMIM
*601728.0030). Both of these latter genes influ-
ence cell migration, adhesion, proliferation, and
growth.

Tracheal Agenesis
Congenital tracheal agenesis is a rare fatal malfor-
mation that involves either partial or complete
absence of the trachea below the larynx, with or
without a TEF. Often the trachea ends in a blind
sac just below the larynx, and the lungs may be
connected directly to the esophagus via the bron-
chi or bronchoesophageal fistulas (20). Classifica-
tion of anatomical variations in this malformation
is based on the length of the remaining tracheal
segment and the presence or absence of an
esophageal fistula (16,20–22). The most common
variation is complete absence of the trachea below
the larynx with the right and left main stem bron-
chi forming a common airway that is connected
to the esophagus (Figure 6-1). Other variations
include (1) tracheal agenesis with both the right
and left main stem bronchi arising from the
esophagus, (2) agenesis of the proximal trachea
with an intact distal trachea, with or without an
esophageal fistula, (3) a short segment of prox-
imal trachea connected to the esophagus, and (4)
proximal and distal segments of the trachea,
linked by a short atretic, or a chord-like, fibrous
band of tissue. Infants with tracheal atresia are
cyanotic with severe respiratory distress and
cannot be intubated or ventilated. As for EA/
TEF, other congenital anomalies are present in
most cases, including additional lower respiratory
tract malformations, such as abnormal lobe for-
mation, and complex cardiac defects with a high
incidence of abnormal vessels. Associated malfor-
mations often overlap with those seen in VAC-
TERL or TARCD (tracheal agenesis/atresia, radial
ray defect, complex congenital cardiac abnormal-
ities, and duodenal atresia) (22).

Congenital Bronchogenic Cysts
Congenital bronchogenic cysts, also known as
foregut duplications, are commonly found in the
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mediastinum and are caused by abnormal budding
of the ventral foregut during the embryonic stage
of lung development (Figure 6-2). Bronchogenic
cysts may also be found in the peripheral lung,
most commonly in the lower lobes, and arise from

abnormal branching of the tracheobronchial tree
at a later time (11,21,23–27). Approximately two-
thirds are located in the mediastinum and one-
third in the parenchyma. Although bronchogenic
cysts are rare, with an incidence of 1 per 68,000

Figure 6-1. Tracheal agenesis with bronchoesophageal fistula. An infant boy was born at 36 weeks gestation after a pregnancy
complicated by idiopathic polyhydramnios, a prenatal evaluation showing normal chromosome karyotype, and a fetal
echocardiogram demonstrating a moderately dilated right ventricle with normal function, mild right ventricular hypertrophy, and a
mildly dilated right atrium, pulmonary valve annulus, and main pulmonary artery. The infant had respiratory failure at delivery with
resuscitation complicated by difficulty in intubation and ventilation. MRI showed a small fistulous connection between the carina
and air distended esophagus (A–B, arrows) that was confirmed at autopsy (C, arrow). The carina was continuous with the right and
left main stem bronchi distally (A, arrowheads), but there was tracheal agenesis proximally with a fluid-filled structure in the midneck
at the level of the glottis (D, arrow). Tracheal agenesis was confirmed at autopsy showing absence of the trachea below the larynx (E,
left arrow), with the lower portion of the larynx terminating in a cystic blind-ended sac (E, right arrow; laryngotracheal cross sections
shown proximal to distal from top to bottom). The cystic sac was lined by respiratory type epithelium transitioning to squamous
epithelial metaplasia (F, arrow), consistent with trachea agenesis with a blind-ended sac just below the larynx. The lungs were
developed (G, br = bronchiole; bv = blood vessels) because the fistulous connection between the carina and esophagus (A–C,
arrows) allowed amniotic fluid into the lung. Histologic features of aspiration pneumonia including intraluminal mucus with
inflammatory cells (H, arrow) and numerous squames (I, arrow), as well as features of pulmonary hypertension, were present at
autopsy, resulting in respiratory failure as the immediate cause of death at 3 days of age. As is common with bronchoesophageal
fistulas and tracheal agenesis, multiple other congenital anomalies were identified by radiography and at autopsy, including
multilevel anomalies of the thoracic vertebrae, absence of the right superior vena cava with persistence of the left superior vena cava,
Meckel’s diverticulum, and a bifid thumb. This constellation of anomalies is consistent with VATER/VACTERL association. Original
magnifications: 4x (F-G), 20x (H), 100x (I).
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(26), they are the most common primary cysts of
the mediastinum (21,28).

Bronchogenic cysts found in the mediastinum
can arise at any point along the tracheobronchial
tree, commonly in paratracheal, carinal, hilar, or
paraesophageal locations with the carinal location
being the most frequent (21,26). Typically, they
do not communicate with the conducting airway,
but may be attached to the trachea or bronchus by
a strand of tissue. Bronchogenic cysts found in the
lungs as peripheral cysts, usually in the medial
third of the lung, may or may not communicate
with the tracheobronchial tree (21). Bronchogenic
cysts are unilocular, typically solitary, thin-walled
cystic cavities that are filled with fluid or mucus.
They are lined with bronchial epithelium com-
posed of pseudostratified, ciliated, columnar, or
cuboidal epithelial cells, and their walls contain
cartilage, smooth muscle, and mucus glands
(Figure 6-2B–D). On chest X-ray, they appear as
round or oval masses with smooth walls and may
either be fluid-filled, air-filled, or have distinct
air-fluid levels, unless infected (Figure 6-2A)
(28). Most bronchogenic cysts are asymptomatic,
but communication between an intrapulmonary
cyst and the tracheobronchial tree may result in
rapid expansion of the cyst, causing respiratory
distress and cyanosis in the neonate, or if
obstructed, atelectasis of the distal lung may

occur. Mediastinal cysts may cause compression
of the trachea, bronchi, and/or esophagus and can
present as wheezing, stridor, dyspnea, and/or dys-
phagia. Intrapulmonary cysts may present as
recurrent infection in older children and more
rarely with hemoptysis or pneumothorax. Treat-
ment is surgical excision (28).

Conducting Airway Abnormalities
Tracheal Stenosis
Congenital tracheal stenosis is a rare malforma-
tion in which the trachea is narrowed, due either
to intrinsic abnormalities in cartilage formation
or to external compression by abnormal vessel
formation or vascular rings (21,29). Narrowing
of the trachea by compression results in local
obstruction to the passage of air, while cartilage
deformities may cause obstruction of the airway
on both inspiration and expiration. The major
underlying causes of intrinsic tracheal stenosis
are diffuse or focal abnormalities in cartilaginous
ring formation, either due to posterior fusion of
the C-shaped rings or formation of a complete
cartilaginous sleeve (16). Several types of intrinsic
stenosis have been described: (1) segmental sten-
osis with local narrowing of the trachea; (2) gen-
eralized or complete stenosis of the trachea, which
is associated with other anomalies excluding heart

Figure 6-2. Congenital
bronchogenic cyst. A 3-year-old boy
had a right posterior mediastinal,
hypodense, fluid-filled, 3-cm mass just
inferior and posterior to the right hilum
by CT imaging (A, arrow). No evidence
of extension into the adjacent neural
foramen was identified, and the mass
did not enhance with intravenous
contrast nor was there an aberrant
vessel to the mass. The radiographic
imaging favored the diagnosis of a
foregut duplication cyst. At the time of
surgery, the lesion was confirmed to be
in the posterior mediastinum and to
lack a connection to any surrounding
structures. The lesion was resected with
gross examination, revealing a
unilocular, fluid-filled cyst. Histologic
examination demonstrated that the cyst
was lined by a pseudostratified, ciliated,
columnar, respiratory epithelium (B–C,
arrows) and that the cyst wall (B and D)
contained cartilage (ca), smooth muscle
(sm), and mucus glands (D, arrow),
confirming the diagnosis of a
bronchogenic cyst. Original
magnifications: 4x (B), 20x (D), 100x (C).
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and lung disease; and (3) tracheal stenosis with
marked heart and lung disease (30,31). Segmental
stenosis, which can occur anywhere in the tra-
cheobronchial tree, is seen in 50% of cases, while
generalized or complete stenosis is found in 30%
of cases (32). Interestingly, the latter malforma-
tion has been reported in children with craniosy-
nostosis, including Apert (OMIM #101200) and
Pfeiffer (OMIM #101600) syndromes (33–42).
These syndromes involve abnormal fusion of
skeletal or osseous structures and are associated
with autosomal dominant, heterozygous muta-
tions in the fibroblast growth factor receptor,
FGFR2 (OMIM *176943) (35,37,38,42). Craniosy-
nostosis, cleft palate, and tracheal stenosis, with
thickened, cartilaginous tracheal sleeves and
atelectasis of the distal lung, have also been
observed in transgenic mice wherein Fgfr2 has
been mutated or partially deleted (43–45). These
malformations represent mesenchymal defects in
which the cells do not respond normally to FGF
signaling, affecting both chondrogenesis and
osteogenesis.

Recently, tracheal abnormalities consistent
with intrinsic tracheal stenosis have been reported
in young children with cystic fibrosis (CF; OMIM
#219700), as well as in genetic animal models of
CF caused by mutations or deletion of the CFTR
gene (OMIM *602421). Examination of the con-
ducting airway in neonatal CF pigs demonstrated
luminal narrowing of both the trachea and main
stem bronchi, as well as the presence of irregularly
shaped cartilage rings, hypoplastic submucosal
glands, and abnormal airway smooth muscle
(46). Likewise, analysis of previously published
morphometric data and chest CT scans from
children with CF (less than 2 weeks old) showed
alterations in the circular shape of the trachea, as
well as a reduction in the size of the lumen (46).
Subsequent functional studies demonstrated air
trapping and airflow obstruction in young chil-
dren with CF (47), as well as in the neonatal CF
pig (48). Previous studies in Cftr knockout and/
or mutated mice also revealed disrupted or
incomplete tracheal rings with tracheal stenosis
in the upper trachea, as well as altered breathing
patterns in both newborn and adult mutant mice
(49,50).

As for TEF and tracheal agenesis, patients with
congenital tracheal stenosis have additional mal-
formations, including other airway and lung
abnormalities, esophageal and diaphragmatic

abnormalities, as well as cardiovascular, skeletal,
GU, and GI tract anomalies (16,31). Infants with
tracheal stenosis present with respiratory distress,
stridor, cyanosis, cough, and difficulty feeding.
Older patients may present with recurrent pneu-
monia. Diagnosis is confirmed by bronchoscopy
and radiologic imaging.

Extrinsic tracheal stenosis is caused by exter-
nal compression of the trachea, usually associated
with abnormally situated blood vessels, termed
vascular rings (20,31). These can include a double
aortic arch, a right aortic arch with a left ligamen-
tum arteriosum, an aberrant (retroesophageal)
right subclavian artery, a right aortic arch with
aberrant left subclavian artery, an anomalous left
innominate or carotid artery, or a pulmonary
artery sling (retrotracheal), which is found in
20% of tracheal stenosis cases (31,32). In the case
of pulmonary artery sling, the left pulmonary
artery originates from the right pulmonary artery,
encircling and compressing the right main stem
bronchus and distal trachea.

Tracheomalacia
Congenital tracheomalacia occurs when there is
an absence or abnormality of the cartilaginous
rings with hypotonia of the membranous or mus-
cular posterior wall (the trachealis muscle), which
causes the trachea to collapse on expiration,
obstructing the airway. It is the most common
congenital abnormality of the trachea with an
estimated incidence of 1 per 1,445 infants (51).
Tracheomalacia can also be caused by external
compression from cardiovascular structures,
tumors, lymph nodes, or other masses. Primary
tracheomalacia is caused by congenital immatur-
ity of the tracheal cartilage and may be associated
with other lung/foregut defects, such as TEF, EA,
and bronchopulmonary dysplasia (51). Tracheo-
malacia is often seen in connective tissue dis-
orders, which result in the formation of
abnormal cartilaginous structures, as well as in
many other genetic syndromes (51).

In infants, the airway cartilage is normally
soft, so that all infants have some degree of col-
lapse on expiration, that is, when external pres-
sure on the trachea is greater than the internal
pressure. In the normal trachea, the cartilage-to-
soft tissue ratio is 4.5:1, a ratio that remains con-
stant throughout childhood. In tracheomalacia,
there is a reduction in this ratio, in some instances
as low as 2:1 (20,51). In secondary, or acquired
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tracheomalacia, normal cartilage undergoes
degeneration, which may be caused by prolonged
positive pressure ventilation or by infection or
inflammation. Tracheomalacia may also be a fre-
quent complication of surgical repair of EA/TEF.
Symptoms include wheeze, cough, stridor, dys-
pnea, tachypnea, cyanosis, and recurrent infec-
tion. Most affected infants improve by 6–12
months of age as the structural integrity of the
trachea is gradually restored by further cartilage
development and growth of the trachea (16).

Bronchial Atresia, Bronchial Stenosis, and
Bronchomalacia
Congenital bronchial atresia is a rare anomaly
and is often identified as an incidental finding
on a chest X-ray in asymptomatic older children
or adults, appearing as a hyperinflated or hyper-
lucent area that may compress adjacent tissue and
cause a mediastinal shift (Figure 6-3). The most
commonly affected lobe is the left upper lobe, but
bronchial atresia of the right upper and lower
lobes has also been reported. The segmental bron-
chus is the most common site of atresia, but
subsegmental and lobar bronchi can also be
affected along with multiple segments (21,29).
The lung distal to the obstruction may be hypo-
plastic, often with regions of microcystic malde-
velopment (9), emphysema, or hyperinflation. Air
may enter the affected lobe via collateral airways,

causing mild overinflation or air trapping. Mucus
may accumulate in the distal bronchial segments,
causing a mucus plug or a mucus-filled cyst.
Often there is a loss of bronchi and vessels in
the affected lobe, as well as an absence of segmen-
tation and interlobular septa. It has been sug-
gested that bronchial atresia is a secondary
process rather than a primary developmental fail-
ure, and that these lesions arise after bronchial
formation is complete (weeks 5 to 17) (9).

Like tracheal stenosis, congenital bronchial
stenosis, or narrowing of the bronchi, may be
intrinsic or due to external compression (25).
Intrinsic bronchial stenosis is rare and is usually
associated with anomalous cartilage segmentation.
Extrinsic bronchial stenosis due to compression is
often associated with congenital heart disease.
Compression occurs when the pulmonary arteries
enlarge in response to pulmonary hypertension,
compressing the left upper lobe bronchus. An
enlarged left atrium, a bronchogenic cyst, or a tera-
toma may also compress the left main bronchus.

Congenital bronchomalacia, or dynamic
narrowing of the bronchi, is caused by congenital
abnormalities or absence of the bronchial cartilage,
which lead to collapse, or bronchiectasis, of the
affected airway during respiration. Bronchomalacia
is a relatively common abnormality of the lower
airways and is often associated with tracheomala-
cia. It may also be caused by extrinsic compression,

Figure 6-3. Bronchial atresia.
Intrauterine fetal death occurred at
25 weeks gestation after a pregnancy
complicated by hydrops fetalis and a
fetal MRI showing right bronchial
atresia and a large right lung (A, L =
lung) with dilated intrapulmonary
airways (A, white arrow) associated
with a mediastinal shift to the left,
displacing the heart (A, black arrows) to
abut the left chest wall. The diaphragm
was inverted (A, arrowhead), and
pleural (A, *) and peritoneal (A, #) fluid
was noted. The placenta (A, P), brain (A,
B) and intestines (A, I) are designated in
the fetal MRI for orientation. Autopsy
confirmed atresia of the right middle
and lower lobe bronchi (B, arrow) with
hypertrophy of the right middle (B,
RML) and lower lobes (B, RLL) and
hypoplasia of the right upper lobe (B,
RUL) and left upper (B, LUL) and lower
lobes (B, LLL) with patent bronchi (B,
arrowheads).
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or it may be secondary to infection or to lung/
heart-lung transplant. Bronchomalacia is often
associated with other anomalies, such as various
skeletal dysplasias or diffuse congenital cartilage
deficiency (29).

Pulmonary Parenchymal Malformations
Pulmonary Agenesis and Aplasia
Pulmonary agenesis and aplasia represent two
forms of arrested lung development with com-
plete absence of lung tissue (52,53). In pulmonary
agenesis the absence of lung parenchyma is
accompanied by complete absence of the bronchi
and vasculature, whereas in pulmonary aplasia a
blind-ended rudimentary bronchus is present.
Pulmonary agenesis and aplasia differ from pul-
monary hypoplasia wherein bronchi, vasculature
and distal lung parenchyma are present but
incompletely or defectively developed resulting
in an overall decrease in lung size.

Pulmonary agenesis is a very rare condition
estimated to affect 1 of 15,000 births (52,53). Bilat-
eral pulmonary agenesis is extremely unusual and
incompatible with life. Unilateral pulmonary agen-
esis is more common with the prognosis being
variable and best predicted by the severity of the
associated anomalies and the presence of genetic
abnormalities. Pulmonary agenesis is suspected to
result from a disruption of normal lung bud devel-
opment that begins during the sixth week of gesta-
tion. Although the pathogenesis remains unknown,
teratogenic insults and defective dorsal aortic arch
blood flow in the fourth week of gestation have been
proposed as contributing factors (54). The hypoth-
esis that abnormalities in embryonic aortic arch
development contribute to the pathogenesis of pul-
monary agenesis is based on frequent association of
unilateral pulmonary agenesis with ipsilateral mal-
formations of derivatives of the first and second
branchial arches and/or radial ray defects (54).
Review of 72 cases of pulmonary agenesis associated
with other malformation revealed that 82% of cases
had malformations of the first and second arch
derivatives and/or radial ray defects. Moreover, in
all cases, the face and radial ray malformations were
ipsilateral to the unilateral pulmonary agenesis, and
bilateral facial and/or radial ray anomalies appeared
to be indicative of bilateral pulmonary agenesis.
Branchial arch and/or radial ray malformations
were occasionally on the side of the less-involved
lung in bilateral pulmonary agenesis cases, however,

providing evidence that additional etiologic factors
are operative in the pathogenesis.

Pulmonary agenesis is frequently associated
with other malformations, including cardiovascu-
lar, GI, skeletal, GU, limb, and facial anomalies
(53,54). Pulmonary agenesis is also a component
in several syndromes, including Goldenhar syn-
drome, Vici syndrome (OMIM #242840), VAC-
TERL syndrome, trisomy 21, and DiGeorge
syndrome with microdeletions in 22q11.2 (53). In
cases of unilateral pulmonary agenesis, multiple
other anomalies are detected in ~75% of cases
(53). Pulmonary aplasia can also be associated with
aberrant vascular development resulting in a pul-
monary artery sling that can result in tracheobron-
chial compression leading to severe respiratory
symptoms (55). The pulmonary arteries are
formed by joining of the vascular buds derived
from the sixth branchial arches (central pulmon-
ary arteries) to the lung buds derived from the
postbranchial vessels (peripheral pulmonary arter-
ies). In the case of right lung aplasia with left
pulmonary artery sling, the right vascular bud is
believed to connect to the left lung bud because no
right lung bud exists. This process implies that in
right pulmonary aplasia, the right sixth branchial
arch develops initially despite the absence of the
right lung bud and persists long enough to connect
to the left lung bud (55). Surgical repositioning of
the aberrant pulmonary artery can be successful in
alleviating respiratory systems (55).

Isolated unilateral pulmonary agenesis that
occurs in ~25% of patients has a much improved
prognosis compared with those cases associated
with other structural abnormalities (53). Com-
pensatory growth of the unaffected lung occurs
in individuals with isolated unilateral pulmonary
atresia who can live without limitations. Despite
concerns related to diminished lung capacity and
susceptibility to recurrent pulmonary infections,
isolated unilateral pulmonary atresia has been
diagnosed incidentally in adults, providing fur-
ther evidence that unilateral pulmonary agenesis
can be associated with adequate respiratory func-
tion (56,57).

Pulmonary Dysplasia
These are a group of fatal lung disorders that
include congenital acinar dysplasia (also known
as acinar dysgenesis or acinar aplasia), congenital
alveolar dysplasia, and alveolar capillary dysplasia
with or without misalignment of the pulmonary
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veins (58–63). Infants with these disorders have
persistent pulmonary hypertension and unex-
plained, severe respiratory distress requiring ven-
tilation and/or ECMO, but deteriorate quickly
when support is withdrawn.

These disorders represent a rare form of diffuse
interstitial lung disease characterized by uniform
developmental impairment of the distal pulmon-
ary airspaces, or acini, resulting in severe pulmon-
ary hypoplasia. Although there is considerable
overlap between the clinical and histological fea-
tures of these disorders, acinar dysplasia is the
most severe phenotype, exhibiting an almost com-
plete lack of mature alveoli, with little to no devel-
opment of the pulmonary acini distal to the
bronchioles. The lung lobules are composed of
bronchioles lined by ciliated columnar epithelia
surrounded by smooth muscle fibers, which ter-
minate directly at the pleura and interlobular
septa. Although acinar dysplasia is thought to rep-
resent arrest in the early pseudoglandular stage of
lung development (8–16 weeks), the bronchiolar

epithelium is well differentiated and representative
of the term lung (64). In some cases, a few imma-
ture canalicular or saccular structures may be
found, but this is rare (59).

In comparison, congenital alveolar dysplasia
represents arrest of acinar development in the late
canalicular or early saccular stage of lung devel-
opment (17–24 weeks) with the formation of
primitive, somewhat simplified canalicular and/
or saccular structures (59,62). The interstitial
regions are very wide and composed of loose,
primitive mesenchyme with little collagen.
Although the capillary bed is extensive, only a
few of the capillaries are adjacent to the epithelial
surface of the distal airspaces. Thus, development
of the alveolar–capillary membrane is impaired,
and gas exchange is severely compromised.

Alveolar capillary dysplasia is similar to con-
genital alveolar dysplasia but exhibits reduced
alveolar capillary formation, as well as misalign-
ment of the pulmonary veins (ACD/MPV;
Figure 6-4). In general, the capillaries are located

Figure 6-4. Alveolar capillary dysplasia and misalignment of pulmonary veins associated with a FOXF1mutation. An infant
girl born at term developed progressive cyanosis and respiratory distress several hours after birth, requiring mechanical ventilation
and eventually extracorporeal membrane oxygenation (ECMO). After several attempts to discontinue the ECMO, a diagnosis of
persistent pulmonary hypertension due to an irreversible, pulmonary lesion was made, and ECMO was discontinued. Histologic
examination of the lungs at autopsy revealed diffuse alveolar capillary dysplasia (A) with muscularization of the alveolar septa (B,
arrow; SMA = alpha smooth muscle actin immunostain) and reduced alveolar capillary formation (C, arrows; VWF = von Willebrand’s
factor immunostain for endothelial cells), as well as misalignment of the pulmonary veins and arteries (D, br = bronchiole, v = vein, a
= artery). In addition, there was muscular hypertrophy of the pulmonary arteries (E, arrows), muscularization of the small pulmonary
arterioles (F, arrows), and dilated venules (F, v = dilated venules). Thin-walled, dilated, and congested venous vessels were found to
be traveling indiscriminately through the peripheral lobules (G, arrows), as well as in the perilobular septa (H, s = septum, v = veins).
In addition, misalignment of the muscular arteries (I, arrows) was observed, many of which were found accompanying the normally
positioned pulmonary veins (I, v = veins; br = bronchiole) in the perilobular septa. Original magnifications: 5x (G, H), 10x (A, B, D, E, I),
20x (C, F).
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in the interior of thickened alveolar septa instead
of in close proximity to the alveolar epithelia
(58,60,63). Although the largest pulmonary veins
may be located in the interlobular septa, the
smaller pulmonary veins are displaced, or “mis-
aligned,” in that they are located adjacent to the
pulmonary arteries in the peribronchiolar con-
nective tissue (60). Both the pulmonary veins
and the lymphatics are thin walled and dilated,
while there is increased medial hypertrophy and
hyperplasia of the pulmonary arteries and mus-
cularization of the smaller, peripheral arterioles.
One-third of the patients have lymphangiectasis.
In addition, there is significant underdevelopment
of the pulmonary lobules with reduction and sim-
plification of the distal acinar structures with some
alveolar type II cell hyperplasia (63). Recently,
three-dimensional reconstruction of lung tissue
from patients with ACD/MPV demonstrated that
there is a right-to-left vascular shunt linking the
systemic and pulmonary circulation, which
bypasses the alveolar capillary bed and causes
respiratory insufficiency and persistent hyperten-
sion (65,66). Patients with ACD/MPV often have
additional organ abnormalities, including GI, GU,
musculoskeletal, and cardiovascular malforma-
tions, as well as disruption of the normal right–
left symmetry of intrathoracic or intraabdominal
organs (58,67–69). Haploinsufficiency of FOXF1
(OMIM *601089), a transcription factor important
for vascular and alveolar development, causes
ACD/MPV. At least 60 distinct mutations and/or
genomic deletions in FOXF1 have been identified
in patients with this disorder (70). Most are spor-
adic, autosomal dominant mutations, although
several have been inherited as autosomal recessive
disorders with maternal inheritance, consistent
with paternal imprinting (71). Inactivation of
Foxf1 in murine endothelial cells inhibited VEGF
signaling and decreased expression of endothelial
genes critical for vascular development (72).

Congenital Malformations
Associated with Lung Growth and
Structure
Congenital pulmonary malformations have an esti-
mated incidence of 2–7% (73). Themost commonly
encountered congenital lung anomalies associated
with deficient lung growth and aberrant lung struc-
ture include lung agenesis–hypoplasia complex

(pulmonary underdevelopment), bronchogenic
cysts, congenital pulmonary airway malformations
(CPAM), pulmonary sequestrations (PS) and con-
genital lobar overinflation (CLO). CPAM and PS
have a reported incidence of 50% and 33% of pre-
natally diagnosed lung lesions, respectively (74). It is
widely accepted that congenital lung lesions result
from perturbations in lung and airway embryogen-
esis. Although congenital lung malformations are a
heterogeneous group of lesions, there is consider-
able overlap, and frequently the lesions occur
together. Based on these observations, airway
obstruction during development has been proposed
as a unifying pathogenetic mechanism, with the
location of the obstruction within the tracheobron-
chial tree, completeness of the obstruction, and
timing of the developmental insult determining
the type of lesion and histopathology (9,75).

In the past, congenital pulmonary malforma-
tions were noticed within the first weeks tomonths
of life, but currently these lesions often are diag-
nosed in utero by ultrasonography and magnetic
resonance imaging (MRI) due to advances in tech-
nology and implementation of routine investiga-
tions at weeks 18–20 of gestation (76–78). Prenatal
MRI is highly accurate in defining congenital lung
anomalies, with one study showing postnatal con-
firmation of the prenatal MRI diagnosis in 91%
(51/56) of lesions, providing evidence that fetal
MRI can provide a specific diagnosis to guide
prenatal counseling and patient care (78). Prenatal
diagnosis also provides an opportunity to sequen-
tially follow these lesions to better understand their
pathophysiological mechanisms. Others warn that
those who interpret prenatal imaging should not
attempt to make a definitive diagnosis because
CPAM, PS, bronchial atresia, and CLO have over-
lapping features. It has thus been emphasized that
only a histologic examination can definitively sup-
port a diagnosis, and diagnoses based on imaging
alone should be avoided to not complicate inter-
pretation of the literature (79).

Most congenital lung malformations have a
favorable prognosis, with a mortality rate of <5%
for antenatally detected lesions, and symptoms at
birth occurring in 17% of cases (76,79). Poor prog-
nostic factors include mediastinal shift, polyhy-
dramnios and hydrops (76). Timely resection
remains the treatment of choice for all symptomatic
postnatal lesions; however, much controversy
remains around the management of asymptomatic
congenital lung malformations, which are usually
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discovered by routine fetal ultrasound examination
(79,80). Incomplete knowledge surrounding the
natural history of congenital lung malformations
compromises the ability to define relative risks and
benefits of early resection. Arguments for resection
of asymptomatic lesions include infection risk,
malignant potential, uncertainty in radiographically
distinguishing lesions, prevention of pneumo-
thorax, decreasing radiation exposure associated
with surveillance, and greater compensatory lung
growth early in life. These risks vary among the
specific types of congenital lung malformations
(80,81). On the basis of risk of infection and malig-
nancy, current recommendations are for resection
of bronchogenic cysts, CPAM, and intralobular PS,
while asymptomatic CLO and extralobular PS may
be observed (80). A large multicenter registry of
congenital lung malformations would enhance
understanding of the onset, timing, natural history,
and prognosis of congenital lung malformations to
improve evidence-based approaches to patient
diagnosis and management.

Pulmonary Hypoplasia
Pulmonary hypoplasia is defective or incomplete
development of the lung resulting in reduced lung
size due to decreased numbers or size of acini
(Figure 6-5). Lung weight, lung weight/body
weight ratios, radial alveolar counts, and lung
volume measurements are used to determine the
presence of pulmonary hypoplasia (82). Clinic-
ally, fetal lung size is determined by two- and
three-dimensional ultrasound and MRI (83–85).
Primary pulmonary hypoplasia occurs in the
absence of an identifiable cause or association
and is believed to result from alterations in tran-
scription factor and/or growth factor signaling
(86). Retinoic acid signaling deficiencies in animal
models results in severe respiratory phenotypes
including lung hypoplasia and agenesis (87,88).
Retinoic acid also influences perinatal alveolus
formation in rodents, which has led to its clinical
use for the prevention of bronchopulmonary dys-
plasia/chronic lung disease of prematurity
(89,90). Identification of NKX2-1 (OMIM
*600635) mutations in patients with brain-lung-
thyroid syndrome (OMIM #610878) and corres-
ponding phenotypes in Nkx2-1 deficient murine
models, established NKX2-1 as a critical gene
driving lung development. NKX2-1 encodes the
protein thyroid transcription factor-1 (TTF-1).

Expression of TTF-1 is restricted to the develop-
ing lung, thyroid, and ventral forebrain, corres-
ponding with the respiratory distress syndrome,
congenital hypothyroidism, and benign heredi-
tary chorea phenotypes seen in syndromic
patients with heterozygous NKX2-1 mutations
(91–93). Although the pulmonary histopathology
is heterogeneous, there are often clear growth
abnormalities with alveolar simplification, lobular
remodeling, and cyst formation (94). Related
phenotypes in Nkx2-1 deficient mice provide evi-
dence for a causative role for TTF-1 loss in the
human syndrome. Heterozygous Nkx2-1 loss in
mice results in neurological and thyroid dysfunc-
tions, whereas homozygous deletion results in
complete absence of the thyroid, as well as severe
brain defects and lung hypoplasia (92,95). The
lungs in Nkx2-1 null mice consist of bilateral
sac-like structures that originate from a short,
common tracheoesophageal tube and are lined
by primitive epithelial cells (96).

Secondary pulmonary hypoplasia occurs in
association with other abnormalities and accounts
for >85% of cases (82,97). A wide variety of asso-
ciated abnormalities have been described, how-
ever, and the most frequent associations are with
processes that compromise thoracic space or result
in oligohydramnios (82). These abnormalities
limit fetal breathing movements and lung disten-
sion required for normal lung development.
Among the most common associated anomalies
are congenital diaphragmatic hernia, obstructive
uropathy, and renal anomalies, including renal
agenesis, renal dysgenesis, and polycystic kidney
disease. Thoracic space occupying lesions includ-
ing CPAM (Figure 6-5D–F), PS, mediastinal
masses, and lymphatic malformations can result
in pulmonary hypoplasia. Oligohydramnios due to
prolonged premature rupture of membranes has
also been associated with compromised lung
growth. Potter sequence is seen in cases associated
with oligohydramnios of any cause and is charac-
terized by sloping forehead, flattened face and
nose, receding chin, large ears, broad spade-like
hands, and deformations of the limbs secondary to
compression within the uterus due to inadequate
amniotic fluid. Finally, pulmonary hypoplasia can
be seen in association with chromosomal abnor-
malities (Figure 6-5A–C), including trisomy 13,
18, and 20, and as a component of multiple syn-
dromes including Scimitar (OMIM 608281),
Down, Eagle-Barret, and Pena-Ahokeir
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syndromes (82). Developmental lung abnormal-
ities, including pulmonary hypoplasia, abnormal
pulmonary lobation, and anomalies of laryngeal
and tracheal development, are also relatively
common in Smith–Lemli–Opitz syndrome
(OMIM #270400), an autosomal recessive

malformation syndrome caused by mutations in
theDHCR7 gene (OMIM *602858), which encodes
the enzyme 7-dehydrocholesterol reductase that
catalyzes the final step in cholesterol biosynthesis
(98, 99). Dhcr7 null mice, a model for the human
disease, die within 24 hours of birth with lung

Figure 6-5. Pulmonary hypoplasia. Images from two different patients are shown. Patient 1 (A–C) is an infant born at 31 weeks
gestation by Cesarean section after pregnancy complicated by fetal hydrops, ascites, pleural effusions, and an abnormal
chromosome karyotype of 46XX with a 13q deletion (13q32.3!13q34) and duplication of ~1.3 Mb from 12q11.1, detected by
cytogenetic studies on amniocentesis fluid, microarray studies, and fluorescence in situ hybridization (FISH). Autopsy revealed a
hydropic infant with severe bilateral pulmonary hypoplasia (A, arrows) with a combined lung weight = 2.1 grams (normal for
31 weeks gestation = 19.4 ± 6.1 grams), bilateral pleural effusions, ascites, and a small muscular interventricular heart defect.
Histologic examination of the lungs revealed development of normal lung structures, including conducting airways (B, arrow and C,
br = bronchus) with accompanying arterial vessels (C, bv = blood vessel) and a reduced number of small acini (B–C, arrowheads =
pleural surface). Patient 2 (D–F) is a fetus with unilateral, macrocystic, congenital pulmonary airway malformation (CPAM) with a
mediastinal shift diagnosed at 22 weeks gestation. Prenatal evaluation also revealed fetal hydrops with congestive heart failure,
pleural effusion, ascites, and polyhydramnios. Intermittent variable and late decelerations as well as absent end diastolic blood flow
were noted with death in utero occurring at 29 weeks gestation, despite amnioreduction and shunt placement in the right pleural
cavity. A torso restricted autopsy revealed ascites, pericardial effusion, and a mediastinal shift with an enlarged right lower lobe (D,
RLL) containing a CPAM with multiple large cysts, consistent with CPAM, type 1 (E), and hypoplastic right upper (D, RUL), right middle
(D, RML), left upper (D, LUL), and left lower (D, LLL) lobes. Histologic examination of the hypoplastic lobes revealed normally
developed conducting airways (F, br = bronchus) with accompanying vascular structures and a reduced number of small acini,
resulting in a decreased distance between the hilar bronchus (F, br = bronchus) and the pleural surface (F, arrowhead). Original
magnifications: 2x (B, E, F), 10x (C).
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saccular hypoplasia characterized by failure to ter-
minally differentiate alveolar sacs, delayed differ-
entiation of type I alveolar epithelial cells, and an
immature vascular network (100). Approximately
one-quarter of Smith–Lemli–Opitz syndrome
patients also have renal anomalies, including renal
hypoplasia or agenesis, which may contribute to
the lung hypoplasia (98).

Although pulmonary hypoplasia is often diag-
nosed prenatally or at birth, lung growth dis-
orders can also present as diffuse lung disease in
infancy. In review of lung biopsies from children
<2 years of age, lung growth abnormalities were
the leading diagnosis, accounting for 25% of cases
(101). Pulmonary hypoplasia with prenatal condi-
tions associated with deficient lung growth were
present in some cases; however, in 85% of the
cases, postnatal growth abnormalities occurred
in the setting of prematurity, congenital heart
disease, and/or a chromosomal abnormality, Tri-
somy 21 being the most frequent. The deficient
lung development was histologically characterized
by variable lobar simplification with subpleurally
predominant alveolar enlargement.

Lung biopsy is not generally done for a diag-
nosis of lung growth abnormality, and infants
who come to biopsy typically have diffuse lung
disease with pulmonary symptoms and morbidity
that are disproportionate to the clinical circum-
stances (101). The diagnosis of lung growth dis-
orders in this setting is often unsuspected
clinically and underrecognized histologically.
A history of prematurity or congenital heart dis-
ease was highly predictive of lung growth abnor-
mality as the primary histologic finding.
Congenital heart diseases with right outflow
obstruction are a significant risk factor for pre-
natally acquired pulmonary hypoplasia, and a
decrease in alveolar multiplication may also be
acquired postnatally as a direct result of the
decrease in pulmonary blood flow (102). Perfu-
sion independent mechanisms are also thought to
play a role in the pathogenesis of congenital heart
disease–associated pulmonary hypoplasia (102).
Patient outcomes are related to the associated
conditions, with prematurity being an independ-
ent clinical predictor of mortality, and congenital
heart disease and pulmonary hypertension being
associated with trends toward increased mortality
(101). Severity of the growth abnormality, as
judged histologically by dramatically increased
alveolar size and moderate to severe hypertensive

changes on the biopsy are also associated with
increased mortality. Patients with pulmonary
hypoplasia associated with congenital diaphrag-
matic hernias require more pulmonary support
initially as compared to patients with associated
omphaloceles or congenital lung malformations
(103). In addition to lung volumes, disease spe-
cific factors such as pulmonary hypertension in
congenital diaphragmatic hernia contributed to
pulmonary morbidity and overall outcome. Pul-
monary hypoplasia can also rarely present in
adults as primary unilateral pulmonary hypopla-
sia without associated anomalies (104–106).
Patients may present with wheezing, have recur-
rent infections, or be asymptomatic with the diag-
nosis made as an incidental radiographic finding.
Unilateral primary pulmonary hypoplasia is typ-
ically accompanied by compensatory hypertrophy
of the contralateral lung, which likely accounts for
the lack of symptoms, delay of diagnosis into
adulthood, and favorable outcome.

Congenital Pulmonary Airway
Malformations
Congenital pulmonary airway malformations
(CPAM; formerly referred to as congenital cystic
adenomatoid malformations) are a heterogeneous
group of cystic and noncystic lung lesions resulting
from aberrant fetal lung development (Figures 6-5
D-F and 6-6). Although CPAMs are rare, with a
variable reported incidence between 1 per 8,300
and 1 per 25,000–35,000 births, CPAMs account
for 30–40% of all congenital lung diseases and
~95% of all congenital cystic lung diseases
(77,78,107). CPAMs are classified into five major
types in the Stocker classification system (types
0–4) based on clinical and pathologic features,
including cyst size and histologic resemblance to
segments of the normal tracheobronchial tree
(82). Challenges in applying this classification
scheme clinically include overlap among the
CPAM types, atypical forms that do not fit well
into a specific category, and importantly, indis-
tinguishable features between type 4 CPAM and
the cystic neoplasm, pleuropulmonary blastoma
(PPB) (9,108). These challenges have led in
some instances to the clinical practice of not
dividing CPAM into types or limiting categor-
ization of cystic CPAM to large cyst and small
cyst types. Despite the challenges, the Stocker
classification system is widely used and has
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utility in delineating several characteristic devel-
opmental lung lesions pathologically as well as
radiologically.

CPAM type 0, also known as acinar dysplasia
or agenesis, is composed of bronchus-like struc-
tures with muscle, glands, and cartilage plates
separated by prominent mesenchymal tissue.
Type 0 CPAMs are rare and largely incompatible
with life presenting in term or preterm neonates
who are cyanotic at birth and survive only a few
hours. Cardiovascular abnormalities and dermal
hypoplasia are associated findings (82). Type 1
CPAM, the large cyst type, is the most common
subtype accounting for nearly 65% of cases
(Figures 6-5 D-F and 6-6) (82). CPAM type 1 is
characterized by single or multiple large cysts
(3–10 cm in diameter) that resemble bronchi
and proximal bronchioles, including segments
lined by mucinous epithelium that have been
suggested as cells of origin for the mucinous
adenocarcinomas rarely reported in these lesions.
Type 1 CPAMs are clinically distinct from type
0 in that they primarily present in the first week
to month of life but can be seen in older children
and adults and are associated with a good prog-
nosis (9,82). Occasionally, these lesions are suffi-
ciently large to result in mediastinal shift and
pulmonary hypoplasia (Figure 6-5D–F) (9). Type
2 CPAM, the small cyst type, accounts for
10–15% of cases and is composed of smaller cysts
(0.5–2.0 cm in diameter), presenting in the first
year of life with a poorer outcome due to the
frequent association with other anomalies such

as bilateral renal agenesis, cardiovascular malfor-
mations, diaphragmatic hernia, and pulmonary
hypoplasia (82). Back-to-back cysts in type
2 CPAMs resemble distal bronchioles and blend
with the adjacent normal parenchyma. Type
3 CPAM occurs infrequently, accounting for 5%
of cases, and present exclusively in the first days
to month of life with a high mortality rate (82).
The lesions present as large, solid, air-containing
masses comprised of small cystic spaces (≤0.2
cm) that produce a mediastinal shift, often
resulting in hypoplasia of the uninvolved lung.
Histologically, the lesions are comprised of
immature appearing lung that is devoid of bron-
chi, consisting of bronchiolar-like structures sur-
rounded by alveolar ducts and saccules. CPAM
types 1–3 can be distinguished radiologically,
with types 1 and 2 being heterogeneous with
multiple discrete different-sized cysts and type
3 CPAM being homogeneous and solid, lacking
discernible cystic spaces (11, 78). Type 4 CPAMs
present as large thin-walled cystic lesions resem-
bling distal acinar structures that are lined by
epithelial cells with an alveolar type 1 and/or type
II cell phenotype (109). This variant typically
presents in the newborn to 4 years of age range
and accounts for 10–15% of cases. The morph-
ology, cellular phenotypes, radiologic findings,
and clinical presentation of type 4 CPAMs are
indistinguishable from cystic PPB and likely rep-
resent the same lesion (9,78,110,111). Erroneous
designation of cystic PPB as CPAM needs to be
avoided given that cystic PPB is a neoplastic

Figure 6-6. Congenital pulmonary
airway malformation. A 4-month-old
boy was found to have a right lower
lobe multicystic lesion by CT imaging
(A, arrow) that lacked an aberrant
vascular connection to systemic or
pulmonary arteries. A lobectomy was
performed with the lesion grossly
consisting of multiple cysts ranging in
size from 1 mm to 1.5 cm in greatest
dimension (B, arrow) separated by
intervening parenchyma. Histologic
examination revealed multiple cysts
surrounded by compressed normal
parenchyma (C) and lined by ciliated,
pseudostratified, columnar epithelium
(D, arrow). Smooth muscle bundles (D,
sm = smooth muscle) were present in
the cyst walls, characteristic of CPAM,
type 1. Original magnifications: 2x (C),
100x (D).

108

Fetal and Neonatal Lung Development



process with potential to progress to an overt
sarcoma.

CPAMs usually present as sporadic, nonhere-
ditary lung abnormalities that are associated with
other anomalies in 15–20% of cases, particularly
in the cases of type 2 lesions (82,107,110). The
pathogenesis of CPAM remains unknown. These
lesions are thought to result from abnormal
branching morphogenesis during lung develop-
ment. It has been proposed that airway obstruc-
tion is the basis for CPAM (9,75,97,112). CPAMs
usually communicate with the normal tracheo-
bronchial tree and receive blood supply from
pulmonary vessels, which differentiates CPAM
from PS, wherein there is systemic blood supply
(11,78). Hypothesized mechanisms for CPAM
development include failure of appropriate
endoderm–mesoderm signaling, imbalance
between increased cell proliferation and decreased
programmed apoptotic cell death, altered gene
expression, and aberrant growth factor signaling
during lung morphogenesis (97,113). Experimen-
tal studies including genetic modifications in
mouse models identify FGF-7, FGF-9, FGF-10,
HOXB-5, and SOX-2 as potential molecular
mediators of CPAM (97,113–118). Recent studies
suggest that distinct patterns of signaling mol-
ecule expression may be helpful in distinguishing
CPAM from cystic PPB (119). A genetic basis for
CPAM type 0 is supported by a tendency for the
lesions to recur in families in up to 40% of cases
(three of eight families reported in the literature),
suggesting an autosomal recessive inheritance
pattern (120).

CPAM can be diagnosed antenatally or pre-
sent as respiratory difficulty and/or infection after
birth (97). Indicators of poor prognosis include
large lesions, bilateral lung involvement, and
hydrops (Figure 6-5D–F) (11,80). The CPAM
volume ratio (CVR) has emerged as a useful
prognostic tool to identify fetuses at increased risk
of developing hydrops (79,80). CVR measures the
volume of the lung lesion divided by the head
circumference to normalize for gestational age.
Prenatal management includes cyst aspiration,
pleuroamniotic shunt, and open fetal lung resec-
tion (80). Recent reports suggest that maternal
steroid therapy may induce regression of cystic
lung lesions and thus represent a novel treatment
approach (80). Postnatal treatment of symptom-
atic patients is surgical resection, which generally
consists of lobectomy or segmental resection.

Surgical intervention for asymptomatic CPAM
remains controversial (11,80). There are multiple
reports of adenocarcinoma and adenocarcinoma
in situ (formerly bronchioloalveolar carcinoma)
arising in CPAM type 1 and PPB occurring in the
setting of a CPAM diagnosis (81,110,121). Ade-
nocarcinomas diagnosed in association with
CPAM have been shown to have genetic muta-
tions seen in lung cancers occurring outside the
setting of CPAM including K-RAS (OMIM
*190070) and EGFR (OMIM *131550) point
mutations, and echinoderm microtubule-
associated protein-like 4 (EML4)-anaplastic
lymphoma kinase (ALK, OMIM *105590)
rearrangement (122–124). On the basis of risk of
malignancy and infection, current recommenda-
tions are for resection of asymptomatic as well as
symptomatic CPAM (80).

Pleuropulmonary Blastoma
Pleuropulmonary blastoma (PPB) is the most
common primary malignant lung neoplasm in
childhood (Figure 6-7). PPB presents in three
distinct clinicopathologic types that represent
tumor progression (125). Type I PPB is charac-
terized by cysts lined by benign-appearing epi-
thelium resting on septa containing
undifferentiated mesenchymal cells (Figure
6-7A–G) (108). Overgrowth of the primitive
mesenchymal cells results in a combined solid
and cystic (type II) or purely solid (type III)
PPB with a sarcomatous component that resem-
bles sarcomas occurring in other locations, such
as embryonal rhabdomyosarcoma and fibrosar-
coma (Figure 6-7H–J). The progression of type
I to types II-III PPB is well documented. Import-
antly, however, not all cystic type I PPBs progress
to the more malignant types. Indeed, purely
cystic lesions that lack the mesenchymal cell
component occur and are subclassified as type
1r or regressed PPBs (108,125). Cystic type I/Ir
PPBs are clinically and radiographically indistin-
guishable from CPAM (126). Thus, these two
lesions must be differentiated pathologically by
identifying distinguishing features of type I PPB,
including the multilocular architecture, presence
of primitive mesenchymal cell collections within
the septa, a relatively well-defined border with
the adjacent normal lung parenchyma, and the
predominantly flattened or alveolar type epithe-
lium lining the cysts (108).
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Figure 6-7. Pleuropulmonary blastoma. Images from three different patients are shown, demonstrating the spectrum of
pleuropulmonary blastoma (PPB). Patient 1 (A–C) is a 2-month-old girl who was found to have a multicystic right lung lesion by CT
scan (A, arrow) that was clinically thought to represent a CPAM, highlighting the overlapping clinical and radiographic features
between CPAM and PPB. The lobectomy specimen contained a multilocular cystic lesion (B–C, arrows) with the largest cyst
measuring 8 cm in maximum diameter. The cyst walls were thin measuring up to 0.2 cm in thickness, and the internal cyst wall was
smooth. Some cysts were air-filled, whereas some of the smaller cysts contained fluid. The lesion was fairly well demarcated from the
adjacent normal appearing parenchyma (B–C, below arrowheads). The cysts were lined by cuboidal epithelial cells highlighted by
positive immunostaining for the general epithelial cell marker, pancytokeratin (C, arrows). The fibromuscular stroma within the cyst
walls contained primitive mesenchymal cells, characteristic of type I PPB. Patient 2 (D–G) is a full-term infant boy delivered by
scheduled Cesarean section with a prenatal diagnosis of CPAM detected by fetal MRI. A myelomeningocele and Chiari II
malformation were also diagnosed prenatally. High-resolution chromosome analysis revealed a 46XY karyotype with no
chromosomal abnormalities. A chest CT scan revealed multiple large rounded lucencies in the left lung with mediastinal shift to the
right (D, arrow). The lung lesion was resected on day 15 of life with the lung lobe containing a multiloculated cyst (E–F, arrows) with
adjacent uninvolved lung parenchyma (E–F, below arrowheads). Histologic examination of the cysts revealed a benign, cuboidal
epithelium (G, arrow) lining the cysts with an underlying cambium layer comprised of a condensation of primitive mesenchymal cells
directly subjacent to the epithelium (G, underlying arrow), a characteristic feature that distinguishes type I PPB from CPAM. Patient 3
(H–J) is a 3-year-old girl who was diagnosed with a large solid mass occupying the right chest by CT imaging (H, arrow) that was
resected and diagnosed as a type III PPB. Local recurrence occurred 4 years later with microscopic examination of the excision
specimen revealing a cellular high-grade sarcoma (I) with histologic features identical to the original tumor, including numerous
mitotic figures (J, arrow) indicating a high mitotic rate. No cystic or epithelial component was identified, characteristic of type III PPB.
Original magnifications: 10x (B, C), 20x (I), 40x (C inset, G), 100x (J).
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PPB was initially recognized as a distinct
entity in 1988 (127). Establishment of an Inter-
national PPB Registry shortly thereafter led to the
discovery that PPB was a sentinel tumor of a
distinct hereditary syndrome (OMIM #601200)
(128). This tumor predisposition syndrome is
associated with a broad range of tumors with the
most common tumors including PPB, cystic
nephroma, ovarian Sertoli-Leydig sex cord-
stromal cell tumors, and thyroid multinodular
goiter (128–131). In 2009, loss-of-function het-
erozygous germ line DICER1 mutations (OMIM
*606214) were identified as a genetic cause for this
familial syndrome with up to 66% of PPB patients
having a mutation (125,132). DICER1 is required
for the generation of mature miRNAs, which are
noncoding small RNAs that play a critical role in
regulating fundamental processes, including
development, cell growth, cell survival, and onco-
genesis (133,134). Most carriers of the DICER1
mutation are unaffected, indicating that tumor
risk is modest, and additional events may be
required for tumor initiation (131). DICER1 pro-
tein expression was specifically lost in the epithe-
lial component of some type I-II PPBs, suggesting
that loss of DICER1 function in the lung epithe-
lium may predispose to PPB initiation (111,132).
Indeed, genetic targeting of Dicer1 loss to the
developing lung epithelium in mice resulted in a
cystic PPB phenotype (111). Moreover, studies in
mouse models of the disease demonstrated that
precise timing of Dicer1 loss during lung develop-
ment is critical in determining phenotypic out-
comes (111). DICER1 loss in the developing lung
epithelium was sufficient for initiation of cystic
PPB but did not result in tumor progression to
sarcoma, providing evidence that additional
events may be required for PPB progression.
Genetic analysis of human PPBs and ovarian
Sertoli-Leydig cell tumors identified frequent het-
erozygous DICER1 germ line loss-of-function
mutations accompanied by somatic mutations in
the second DICER1 allele (135–137). The somatic
DICER1mutations occurred within the functional
ribonuclease RNase IIIb domain of the protein,
which is required for generation of mature miR-
NAs. Loss of the tumor suppressor, p53, was also
frequently detected in PPB (136,137). These stud-
ies highlight the potential role of RNase IIIb
domain DICER1 mutations and p53 inactivation
in PPB pathogenesis.

PPB is diagnosed in children <6 years of age
and can arise during fetal development. The clin-
icobiologic progression from type I to type II and
III PPB is reflected in the median age at diagnosis
of 8, 35, and 41 months, respectively (125). PPB
can also be diagnosed in utero with prenatal diag-
nosis occurring as early as 23 weeks gestation
(125). The vast majority of cases (94%) present
in the first 6 years of life, with rare cases present-
ing in older children and even adults (82). Pre-
senting symptoms include respiratory distress,
nonproductive cough, fever, chest pain, and
pneumothorax. PPB type is the strongest pre-
dictor of outcome (125). Type I/Ir PPB is associ-
ated with a 91% 5-year overall survival, with
deaths in this group being due to tumor progres-
sion to types II or III. Overall survival rates for
type II and type III PPB are 71% and 53%,
respectively. Surveillance of DICER1 mutation
carriers may allow early PPB detection in the
cystic type I stage resulting in improved
outcomes.

Pulmonary Sequestration
Pulmonary sequestrations (PSs) are discrete
masses of nonfunctioning bronchopulmonary
tissue that lack communication with the normal
bronchial tree and receive blood supply from
one or more anomalous systemic arteries (Fig-
ures 6-8 and 6-9). PSs are classified into extra-
lobular and intralobular types. Extralobular
sequestrations (ELSs) are anatomically separate
from the normal lung with a distinct pleural
covering and venous drainage to systemic veins.
In contrast, intralobar sequestrations (ILSs) are
contiguous with the normal lung with a
common visceral pleura and venous drainage
into the pulmonary veins (Figures 6-8 and 6-9).
ILSs are more common that ELSs, accounting
for 75–80% of PSs (11,80,138). In addition to the
pathologic differences, ELSs and ILSs also have
differing clinical features (138). ILSs rarely pro-
duce symptoms before 2 years of age, typically
presenting in childhood or adulthood as isolated
anomalies with no gender predilection (73,139).
In contrast, ELSs most commonly present before
6 months of life, with most studies reporting a
male:female predominance of 3–4:1. Further-
more, 40–60% of infants with ELSs have other
associated anomalies (11,73,113,139). Congeni-
tal diaphragmatic hernia is the most frequent
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coexisting anomaly being present in ~16% of
cases. Additional congenital lung abnormalities
are present in 25% of ELSs, including pulmonary
hypoplasia, CPAM, CLO, congenital pulmonary
lymphangiectasia, and bronchogenic cysts. Car-
diac abnormalities, foregut duplication cysts,

chest wall and vertebral deformities, hindgut
duplications, and accessory spleen can also be
seen.

The etiology of PS has been actively debated
with the precise pathogenesis remaining
unknown. Proposed etiologies revolve around

Figure 6-8. Pulmonary
sequestration. Images from two
different patients are shown. Patient 1
(A–D) is a 55-day-old infant with a
prenatal diagnosis of CPAM who had a
chest CT scan, which showed a 2.6 x 1.5
x 1.5 cm pulmonary opacity in the
medial right lower lobe (A, arrowhead)
containing air bronchograms and
central lucency. A systemic feeding
artery to the pulmonary lesion (A,
arrow) was present, consistent with PS.
The feeding vessel was ~2 mm in
diameter, originating from the anterior
aspect of the descending thoracic aorta
approximately 3 cm cephalad to the
diaphragmatic hiatus to the aorta and
coursing posterior to the esophagus to
end in the pulmonary lesion. A right
lower lobe wedge resection was
performed. A vessel unpaired with an
airway (B, arrow) was present on the
opposite side of the specimen as the
normal bronchovascular bundle
entering the lung wedge. Histologic
examination confirmed the diagnosis
of ILS with the isolated feeding vessel
consisting of a large elastic artery
unpaired with an airway structure (C, bv
= blood vessel) that was distinct from
the paired bronchus and blood vessel
entering the opposite side of the lung
wedge (D, br = bronchus, bv = blood
vessel). Patient 2 (E–H) is a 3-month-old
boy who was found to have a left lower
lobe lesion (E, arrowhead) with a large
systemic feeder vessel originating from
the thoracic aorta (E, arrow), consistent
with PS. A left lower lobe lobectomy
was performed revealing a feeder
vessel entering the specimen ~2 cm
from the hilar structures. The lobe was
comprised of numerous cysts (F,
arrowheads) surrounded by a rim of
more normal appearing parenchyma
(F, nl = normal), consistent with ILS. The
cystic structures were lined by ciliated
columnar epithelium (G, arrow)
resembling the epithelium (H, arrow)
lining normal bronchioles (H, br =
bronchiole), characteristic of CPAM,
type 2. The dilated airways within the
lesion contained acute and chronic
inflammatory cells including
macrophages and neutrophils admixed
with amorphous mucinous material (G,
top right), indicative of involvement by
an inflammatory/infectious process.
Original magnifications: 4x (C, D, F),
100x (G, H).

112

Fetal and Neonatal Lung Development



the themes of vascular traction, vascular insuffi-
ciency, acquired pathology following infection,
and foregut maldevelopment (73,113). The most
widely accepted theory to best explain the spec-
trum of PS pathology is a congenital

malformation wherein a supernumerary lung
bud forms ventral to the normal primitive fore-
gut. ILS results if the accessory lung bud develops
before formation of the pleura, whereas ELS is the
outcome if the accessory lung bud develops after

Figure 6-9. Intralobar sequestration with congenital pulmonary airway malformation. Images from two different patients are
shown. Patient 1 (A–E) is a 9-day-old infant who was diagnosed with an ILS and had a left lower lobe resection. A solitary feeder
vessel measuring 2 mm diameter entered the lung lobe inferior to the hilar bronchus and blood vessels. Gross examination revealed
a distinct region within the lung lobe comprised of numerous cystic structures (A, arrow), some containing intraluminal secretions
that contrasted with the adjacent more normal appearing lung parenchyma (A, below arrowheads). Histologic examination revealed
irregularly shaped, back-to-back cysts (B, arrow) with a paucity of normal alveoli in the portion of the lung lobe supplied by the
feeder artery. This histology was in contrast to the more normal-appearing parenchyma, which was comprised of normally
developed, paired bronchioles and blood vessels (C, br = bronchiole, bv = blood vessel) and alveoli (C, arrowhead). The cysts
comprising the malformation were lined by cuboidal to columnar, ciliated epithelium (D, arrow) and lacked mucus cells and cartilage
in the underlying wall, resembling bronchioles in the normally developed lung (E, arrow, br = bronchiole, bv = blood vessel).
Together these gross and histologic features support the diagnosis of a hybrid ILS/CPAM type 2 lesion. Patient 2 (F–J) is a 6-month-
old boy who had a left lower lobe lesion with a systemic feeder vessel originating from the thoracic aorta (F–G, arrows) by CT
imaging, consistent with PS. The lung windows revealed multiple cystic structures within the left lower lobe lesion (G, arrowhead),
consistent with CPAM. Left lower lobe lobectomy was performed, and the diagnosis of a hybrid PS/CPAM lesion was pathologically
confirmed. A feeder vessel was identified both grossly (H, arrow) and histologically (I, bv = blood vessel). The lung lesion had features
of a CPAM, type 2, including multiple cysts measuring up to 0.8 cm in diameter that were surrounded by chronic inflammation (J, ly =
lymphocytes) and lined by bronchiolar type epithelium (J, arrow) with intraluminal foamy macrophages (J, arrowhead) and
amorphous eosinophilic material. Original magnifications: 4x (B, C, I), 40x (J), 100x (D, E).
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formation of the pleura and the sequestered lung
tissue forms its own pleural covering (138).
Although the developmental versus acquired
nature of ILS was long debated, it now seems clear
that most, if not all, of these lesions are truly
developmental malformations rather than
acquired lesions in the setting of chronic infection
(97). The observation that approximately 23% of
prenatally detected lung lesions are PS, and the
detection of these lesions as early as 16 weeks
gestation, provides further evidence that PSs rep-
resent a congenital malformation rather than an
acquired lesion (11,78). ELSs characteristically
have cystic parenchymal maldevelopment with
features of small cyst or type 2 CPAM being
present in up to 50% of cases (9). The frequent
association of PSs with other pulmonary paren-
chymal abnormalities, including CPAM/PS
hybrid lesions (Figures 6-8E–H, and 6-9), sup-
ports the concept that multiple congenital lung
malformations may have a similar embryologic
origin and be part of a malformation sequence
rather than representing distinct lesions (9,139).
Bronchial atresia has been proposed as the
common underlying etiology for congenital
bronchopulmonary foregut abnormalities
(9,138). This concept is supported by a prospect-
ive pathologic review of 47 pulmonary malforma-
tions that demonstrated bronchial atresia in all
cases of ELS and 82% of ILS (112). Moreover,
features of CPAM were present in 91% of both
ELS and ILS. Based on these findings, it was
proposed that CPAM and PS share the same
etiopathogenesis with the spectrum of anatomic
manifestations representing aberrant genetic pro-
grams and/or other insults that are modified by
timing, duration, or completeness of the airway
obstruction.

Diagnosis of PS requires a high index of
suspicion and visualization of a systemic feeding
artery to the lesion. Although newborns with
ELS have a broad spectrum of presentations,
the majority of patients have feeding difficulties
and/or respiratory distress (11,139). Additional
manifestations include pneumonia, hemorrhage,
hydrops, or congestive heart failure related to
the mass effect that can be seen when PS occurs
as a hybrid lesion with CPAM or with substan-
tial arteriovenous shunting resulting from the
sequestered lobe. ELSs are often discovered on
prenatal or neonatal ultrasound or MRI
imaging, but may also remain asymptomatic

throughout life or be diagnosed after identifica-
tion of the associated anomalies (81,138). ELSs
rarely become infected because the distinct
pleural investment prevents contact with
inhaled air (138). In contrast to ELSs, most
patients with ILSs present in adolescence or
early adulthood with recurrent bacterial pneu-
monia in the affected lower lobe (138).
Common clinical symptoms in adult patients
include cough, expectoration, hemoptysis, inter-
mittent fever, and chest pain (140). Compared
with pediatric patients, adult PS patients have
significantly more respiratory infections, includ-
ing concurrent Aspergillosis, that more often
require lobectomy (140). ILSs comprise 93% of
adult cases, likely accounting for the high rate of
infection that was not seen in any of the adult
patients with ELS (140). In ~15% of cases, ILS is
an incidental finding on imaging performed for
other reasons (138).

PSs are most readily diagnosed by CT (Fig-
ures 6-8 and 6-9) or MRI. PSs are characterized by
consolidations, masses, or cystic lesions involving
the lower lobes, primarily the left posterior basal
segment, that are supplied by anomalous arteries
arising from the aorta or other systemic artery
(80,138). ELSs are almost always airless due to
their separate pleural investment, presenting as
homogeneous, sharply defined consolidations
medial to the lung or in extrathoracic sites includ-
ing the mediastinum, embedded in the dia-
phragm, or in the upper abdomen and
peritoneum, where ELSs can mimic neuroblas-
toma or adrenal hemorrhage (11). ILS has three
typical radiologic presentations: a solitary mass, a
cystic lesion, or a consolidation.

Definitive PS diagnosis relies on identifica-
tion of the anomalous artery supplying the
lesions. The pedicle containing the vascular
structure typically does not contain an accom-
panying airway. If a bronchus is present within
the pedicle, a communication with the digestive
system should be highly suspected (9). In 80% of
cases, ELSs are supplied by a single artery, arising
from the thoracic or abdominal aorta with
venous drainage into the azygous system or
inferior vena cava (73,138). In 15% of cases, ELSs
are supplied by small arterial branches or mul-
tiple arteries. ILSs receive arterial supply from
the descending thoracic aorta in >90% of cases,
with the remaining cases being supplied by mul-
tiple sources including the subclavian arteries,
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internal thoracic arteries and arteries feeding the
chest wall (73). Contrary to ELS, venous drain-
age in ILS is to the pulmonary veins in 95% of
cases with drainage into the azygous system
occurring in a minority of cases (138). The diag-
nostic differential for PS includes acquired sys-
temic artery supply to the lungs in response to
chronic inflammation or pulmonary artery
obstruction, congenital systemic arterial supply
to an otherwise normal lung such as is seen in
Scimitar syndrome (which typically involves the
right lower lobe rather than the left lower lobe as
seen in PS) and primary metastatic tumor
(138,139). ILS must also be differentiated from
CPAM and CLO with the key differentiating fea-
ture being demonstration of a systemic feeding
vessel (78,97).

Surgical resection remains the mainstay of
treatment for symptomatic PS, with embolization
of the feeding vessel being an additional thera-
peutic consideration. It is recommended that
asymptomatic ILS also be resected based on the
risk of future infection, hemoptysis, or malig-
nancy (80,138,140). Carcinoma arising in PS is
rare, with eight cases reported in association with
ILS and a single report of a BRAF (OMIM
*164757) mutant adenocarcinoma arising in ELS
(141). ILS-associated malignancies differ patho-
logically from the mucinous adenocarcinomas
and PPBs associated with CPAM, suggesting
potential different pathways of carcinogenesis in
the two entities. PS-associated malignancies also
occur in older patients (>30 years of age)
differing from PPBs in CPAM, which occur in
children, and the CPAM-related mucinous ade-
nocarcinomas that are typically identified in
younger patients (median age of 20 years).

Treatment of asymptomatic ELS is controver-
sial but can generally be observed with serial
monitoring because the lesions may remain
asymptomatic throughout life (80,138,140).
A conservative treatment approach for asymp-
tomatic ELS is also supported by good outcomes
of prenatally diagnosed ELS as well as several
studies reporting substantial or complete regres-
sion of the lesions on sequential scanning during
pregnancy (73,74). A significant number of ELSs
are diagnosed prenatally, with PS accounting for
33% of all prenatally diagnosed lung lesions (74).
A recent postnatal follow-up study of fetal ELS,
however, noted that cases diagnosed with com-
plete regression in utero almost invariably had

ELS persistence in postnatal CT imaging (142).
In 18 ELS cases noted to disappear on sequential
scanning through pregnancy, postnatal CT dem-
onstrated persistence in 14 cases with the
remaining four infants not undergoing postnatal
CT. The apparent disappearance sonographically
was explained by PS tissue becoming isoechogenic
with adjacent normal lung parenchyma. Even
with persistence of the ELC postnatally, however,
antenatally diagnosed PS in the absence of
hydrops was associated with an excellent
prognosis.

Congenital Lobar Overinflation
Congenital lobar overinflation (CLO; also referred
to as congenital lobar emphysema, overinflation
syndrome and infantile lobar emphysema) is over-
distension or hyperplasia of pulmonary segments
or lobes resulting from partial or complete bron-
chial obstruction (Figure 6-10). The term overin-
flation is used to highlight that this condition is
characterized by overdistension of the airways
rather than alveolar destruction, as may be implied
by the term emphysema. The airway obstruction
can be caused by bronchial abnormalities, includ-
ing bronchial atresia, bronchial stenosis, or most
commonly, bronchial cartilaginous dysplasia or
congenital bronchial cartilage deficiency resulting
in bronchial collapse on expiration (82,143). CLO
can also present in association with other condi-
tions that lead to extrinsic or intrinsic bronchial
obstruction. Causes of extrinsic bronchial
obstruction include vascular anomalies such as
pulmonary artery slings and anomalous pulmon-
ary venous return as well as mass lesions such as
ELS and bronchogenic cysts. Intrinsic obstructive
causes include bronchial mucosal folds, bronchial
torsion, or luminal obstruction by aspirated meco-
nium, mucus plug, foreign body, or granulation
tissue.

CLO has two patterns that have been hypothe-
sized to be related to the timing of bronchial
obstruction during lung development and/or the
degree of obstruction (144). The classic pattern,
seen in nearly 70% of cases, is characterized by
uniform overdistension of normally developed
alveolar saccules and alveoli. Radiological imaging
in these cases shows a hyperlucent, overdistended
lobe compressing the uninvolved lobes and produ-
cing a mediastinal shift (Figure 6-10A, C) (143).
The remaining 30% of cases have a polyalveolar
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pattern with little overdistension of complex acini
typically seen in hyperplastic lungs (144). This poly-
alveolar formmay present radiographically as a lobe
with normal lucency occupying a disproportionate
portion of the hemithorax with mediastinal shift.
Polyalveolar lobe is generally believed to be a variant
of CLO in which there is an increase in alveolar
number associated with enlargement of a lobe,
rather than overinflation of a lobe with a normal
alveolar number (9). It is hypothesized that “pul-
monary hyperplasia” results from relatively com-
plete obstruction of a bronchus in early lung
development leading to accelerated lung growth in
the final trimester similar to the hyperplasia noted
in some infants with laryngeal or tracheal atresia
(144).

CLO is a rare condition with a prevalence of
1 per 20,000 to 30,000 deliveries (113). CLO pre-
sents in the first week of life in ~50% of cases and
within the first 6 months in >80% of cases (82).
Although most patients present in the neonatal
period, CLO can also be detected in utero and
occasionally be diagnosed in children and young
adults (11,78,145). Age at the time of diagnosis is
inversely related to the severity of respiratory
distress (143). Presenting symptoms include dys-
pnea, tachypnea, cyanosis, infection, wheezing,
cough, and hoarseness (143,144). Sudden
pneumothorax is a rare presentation. Anomalies

in other organs can be seen in association with
CLO in up to 40% of patients, with 70% of these
anomalies occurring within the cardiovascular
system (82,143). Less commonly, CLO is associ-
ated with renal, GI, musculoskeletal, and cutane-
ous malformations (113). Treatment is based on
the severity of respiratory distress. Traditional
treatment is lobectomy to ensure compensatory
lung growth; however, recent studies indicate that
some patients can be safely managed conserva-
tively (143). Long-term follow-up of 30 patients
treated with surgery or conservative management
revealed good outcomes with all patients having
normal oxygen saturation levels and being free of
respiratory symptoms, suggesting that patients
can benefit from both surgical and conservative
management.

Pulmonary Lymphangiectasia
Pulmonary lymphangiectasis (PL; also referred to
as congenital pulmonary lymphangiectasia) is a
rare disorder characterized by dilated lymphatic
vessels with a normal lymphatic distribution
within the subpleural region, in interlobular
septa, and around bronchovascular bundles.
Diagnosis is based on clinical signs together with
radiologic imaging and histologic findings, with
open lung biopsy considered the diagnostic gold

Figure 6-10. Congenital lobar
overinflation. A 14-day-old boy with
tetralogy of Fallot had marked
hyperinflation of the right upper lobe
resulting in leftward deviation of the
thymus and anterior junction lines as
well as compressive atelectasis of the
left lung and right middle and lower
lobes by CT scan (A). Cardiac anomalies
associated with tetralogy of Fallot and a
right-sided aortic arch were also
present. The right upper lobe was
resected and was without gross lesions.
Histologic examination revealed
normal lung structure with diffuse
overinflation of the alveoli (B). Together
the radiographic and histologic
features are characteristic of CLO.
Resolution of the right lung
overinflation and left mediastinal shift
present in preoperative chest
radiographic images (C, Pre-op) was
noted in the postoperative chest
radiograph taken at ~7.5 years of age
(D, Post-op). Original magnification:
2x (B).
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standard (146). The predominant dilation of
nonproliferative lymphatic channels in lymphan-
giectasis is differentiated from lymphangiomato-
sis, which is characterized by proliferation of
lymphatic channels resulting in an increased
number and decreased size of lymphatic spaces
with a proliferative spindle cell component. Both
conditions preferentially involve lymphatic
vessels in a normal lymphangitic distribution,
which can lead to challenges in differentiating
the two entities clinically and pathologically with
limited biopsies.

PL is divided into primary and secondary cat-
egories. Primary PL is further subclassified as
isolated, generalized, or syndromic based on pre-
sentation as an isolated pulmonary lesion, lym-
phangiectasis involving other tissues in addition
to the lung such as bones, viscera and soft tissues,
or as a component of a syndrome, respectively
(146). Secondary PL occurs in association with
obstructive cardiovascular lesions with the most
common abnormality being total anomalous pul-
monary venous return but also including hypo-
plastic left heart syndrome, pulmonary vein
atresia, congenital mitral stenosis, cor triatriatum,
and thoracic duct agenesis (82,146). Cardiovascu-
lar anomalies are seen in 60% of PL patients, and
renal malformations, generalized lymphangiecta-
sis, and other anomalies are present in another
20% of cases (82,97).

Most PL cases are sporadic with a >2.5:1 male
predominance (82,146). The association of PL
with numerous syndromes, however, has led to
the recommendation that an underlying syn-
drome should always be considered in PL patients
(146). PL has been described in association with
chromosomal abnormalities, including Turner,
Down, and Phelan McDermid (OMIM #606232)
syndromes. PL can also be a component of
numerous other syndromes with the RASopathies
[Noonan, Cardio-Facio-Cutaneous, and Costello
(OMIM #218040) syndromes] being a common
association as well as syndromes characterized by
lymphedema or generalized lymphatic dysplasia
such as Hennekam syndrome. Patients presenting
with syndromic PL should be considered for
genomic testing. Mutations in genes associated
with specific syndromes have been identified in
PL patients including PTPN11 (OMIM *176876)
and SOS1 (OMIM *182530) signaling molecules
within the RAS pathway, and FOXC2 (OMIM
*602402) (147–149).

The cause of PL is unknown, and no disease-
specific therapies have been developed. Primary
congenital PL is believed to be an inherent devel-
opmental abnormality of the lymphatic system.
Postulated pathogenic mechanisms include a
developmental error in which the normal regres-
sion of connective tissue elements fails to occur
and/or a failure or delay in linkage of isolated
lymphatic spaces (97,146). Familial occurrence,
although rare, has been described in six affected
families suggesting a possible genetic component
(146). VEGFR3 (FLT4, OMIM *136352) muta-
tions are described in PL associated with Nonne-
Milroy lymphedema syndrome (OMIM #153100),
and interestingly, perinatal overexpression of the
ligand for this receptor, VEGF-C, was shown to
induce PL in a mouse model that phenotypically
and histologically resembles the human condition
(150). Moreover, VEGFR-3, along with VEGFR-2,
was required for the development of lymphan-
giectasia in the neonatal mice. Together, genetic
evaluations of PL patients combined with defin-
ing the precise role of the identified molecules in
experimental models has great promise for
improving our understanding of the molecular
mechanisms underlying PL pathogenesis as well
as the associated anomalies.

PL is usually a fatal disorder that typically pre-
sents in the first hours to days of life as severe
respiratory distress resulting from unilateral or
bilateral pleural effusions, pulmonary hypoplasia,
and surfactant deficiency in combination with pre-
maturity (97,146). The clinical coursemay be com-
plicated by persistent chylothorax, ventilator
dependency, anasarca, arterial hypotension, heart
failure, secondary pulmonary hypertension, and
progressive respiratory failure. Patients with gen-
eralized lymphangiectasis usually have less pul-
monary involvement. Neonatal presentation of
primary PL limited to the lung was typically con-
sidered a uniformly fatal disease, but increased
survival has resulted from advances in perinatal
care (146). Despite decreased mortality, morbidity
may still be high, requiring interdisciplinary long-
term follow-up care. PL can also manifest in child-
hood or even in adult life with a wide spectrum of
presentations, including respiratory failure, per-
sistent tachypnea, dyspnea, cough, wheezing,
hemoptysis, recurrent airway infections, or as an
incidental finding in an asymptomatic patient
(146,151). PL can be limited to one or two lobes,
which may account for the lack of symptoms and
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favorable long-term outcomes in some patients
(151). Radiographic findings are not specific, but
a reticulonodular interstitial pattern with
increased interstitial markings or thickening, likely
representing dilated pulmonary lymphatics, add to
the diagnostic evaluation especially in the absence
of biopsy. Treatment of prenatal fetal chylothorax
by thoracocentesis, thoracoamniotic shunting, or
medical pleurodesis can be performed to prevent
severe pulmonary hypoplasia and hydrops. Post-
natal treatment of PL is primarily supportive,
including mechanical ventilation, surfactant
administration, thoracocentesis, ECMO, cardio-
circulatory support, and total parenteral nutrition
(146). Substitution of electrolytes, coagulation
factors, and immunoglobulins may also be
required due to chylothorax with persistent,
refractory chylothorax requiring prolonged con-
servative and/or surgical interventions.

Summary and Future Directions
Congenital lung malformations are a heteroge-
neous group of abnormalities resulting from defect-
ive foregut specification, branching morphogenesis
and cell proliferation, survival, and differentiation.
There is considerable overlap among these anomal-
ies, which commonly occur in combination or as
hybrid lesions. Clinical diagnosis is challenging
given the overlapping features among the lesions,
some of which have distinct natural histories and
clinical management. Significant advancements in
radiologic imaging and routine investigations in
utero have resulted in a shift from postnatal to
prenatal fetal diagnoses. Continued focus on
developing better imaging modalities capable of
differentiating among the distinct malformations
is needed to combat the current concern that defini-
tive diagnosis cannot be established by prenatal
imaging alone but rather relies on histologic exam-
ination. Definite prenatal diagnosis will be benefi-
cial in guiding prenatal counseling and clinical
intervention. Incomplete knowledge surrounding
the natural history of congenital lung malforma-
tions compromises the ability to define relative risks
and benefits of early interventions. Large multicen-
ter registries would be beneficial to enhance under-
standing of the onset, timing, natural history, and
prognosis of these rare congenital lung malforma-
tions to improve evidence-based approaches to
patient diagnosis and management.

Prenatal diagnosis provides an opportunity to
follow these congenital malformations sequen-
tially to better understand their pathophysiologi-
cal mechanisms. Overlapping features among the
heterogeneous pulmonary malformations suggest
common etiologies, but further studies are needed
to define the pathogenesis of both distinct and
overlapping phenotypes. Proposed unifyingmech-
anisms include airway obstruction and aberrant,
embryonic aortic arch development. Failure of
appropriate endoderm–mesoderm signaling,
deregulated cell proliferation and programmed
cell death, altered gene expression, and aberrant
growth factor signaling are additional proposed
mechanisms. Defining pathogenic mechanisms
underlying congenital lung malformations
will provide valuable clinically relevant insights
into pulmonary development, as well as define
mechanisms of disease pathogenesis for the many
syndromic conditions and anomalies in other
organ systems commonly seen in conjunction with
lung malformations.

Genetic analysis of patients with hereditary
lung malformations has led to the identification
of associated gene mutations. The products of
these genes, such as TTF-1, SOX2, FOXF1, and
DICER1, are key molecules that control pul-
monary development in genetically modified
mouse models. Engineering mice with the cor-
responding human gene mutations results in
lung malformations that phenotypically mimic
the human disease, establishing a causative rela-
tionship. Continued integration of genomic
studies in human patients with basic investiga-
tional studies defining molecular pathways that
control lung development are needed to identify
additional molecular markers and causes for the
many lung abnormalities with currently unclear
pathogenesis. Defining the molecular basis for
lung malformations and disease pathogenesis
will provide novel approaches to patient diagno-
sis, surveillance, and management.

Acknowledgments
We are extremely grateful to Alan Brody, M.D.,
for providing essential radiology expertise and
radiographic images. We also thank Chris Woods
for assistance compiling the figures and Ann
Maher for clerical support.

118

Fetal and Neonatal Lung Development



References
1 Burri PH. Fetal and postnatal

development of the lung. Annu
Rev Physiol. 1984;46:617–628.

2 Burri PH. Structural aspects of
prenatal and postnatal
development and growth of the
lung. In: McDonald JA, ed.
Lung Growth and Development.
New York: Taylor & Francis;
1997:1–36.

3 Burri PH. Structural aspects of
postnatal lung development –
alveolar formation and growth.
Biol Neonate. 2006;89(4):313–
322.

4 Langston C, Kida K, Reed M,
Thurlbeck WM. Human lung
growth in late gestation and in
the neonate. Am Rev Respir Dis.
1984;129(4):607–613.

5 Thurlbeck WM. Postnatal
growth and development of the
lung. Am Rev Respir Dis.
1975;111(6):803–844.

6 Zeltner TB, Caduff JH, Gehr P,
Pfenninger J, Burri PH. The
postnatal development and
growth of the human lung.
I. Morphometry. Respir
Physiol. 1987;67(3):247–267.

7 Hislop AA, Wigglesworth JS,
Desai R. Alveolar development
in the human fetus and infant.
Early Hum Dev. 1986;13(1):
1–11.

8 Ochs M, Nyengaard JR, Jung
A, Knudsen L, Voigt M,
Wahlers T, et al. The number
of alveoli in the human lung.
Am J Respir Crit Care Med.
2004;169(1):120–124.

9 Langston C. New concepts in
the pathology of congenital
lung malformations. Semin
Pediatr Surg. 2003;12(1):17–37.

10 Newman B. Congenital
bronchopulmonary foregut
malformations: concepts and
controversies. Pediatr Radiol.
2006;36(8):773–791.

11 Biyyam DR, Chapman T,
Ferguson MR, Deutsch G,
Dighe MK. Congenital lung
abnormalities: embryologic

features, prenatal diagnosis,
and postnatal radiologic-
pathologic correlation.
Radiographics. 2010;30
(6):1721–1738.

12 Shaw-Smith C. Genetic factors
in esophageal atresia, tracheo-
esophageal fistula and the
VACTERL association: roles
for FOXF1 and the 16q24.1
FOX transcription factor gene
cluster, and review of the
literature. Eur J Med Genet.
2010;53(1):6–13.

13 Skandalakis JE, Gray SW,
Ricketts RR. Esophagus. In:
Skandalakis JE, Gray SW, eds.
Embryology for Surgeons. 2nd
ed. Baltimore, MD: Williams &
Wilkins; 1994:65–112.

14 Solomon BD, Bear KA,
Kimonis V, de Klein A, Scott
DA, Shaw-Smith C, et al.
Clinical geneticists' views of
VACTERL/VATER
association. Am J Med Genet A.
2012;158A(12):3087–3100.

15 Fausett SR, Klingensmith J.
Compartmentalization of the
foregut tube: developmental
origins of the trachea and
esophagus. Wiley Interdiscip
Rev Dev Biol. 2012;1(2):184–
202.

16 Skandalakis JE, Gray SW,
Symbas PN. The trachea and
the lungs. In: Skandalakis JE,
Gray SW, eds. Embryology for
Surgeons. 2nd ed. Baltimore,
MD: Williams & Wilkins;
1994:414–450.

17 Shaw-Smith C. Oesophageal
atresia, tracheo-oesophageal
fistula, and the VACTERL
association: review of genetics
and epidemiology. J Med
Genet. 2006;43(7):545–554.

18 Solomon BD. VACTERL/
VATER Association. Orphanet
J Rare Dis. 2011;6:56.

19 Felix JF, Tibboel D, de Klein A.
Chromosomal anomalies in the
aetiology of oesophageal atresia
and tracheo-oesophageal
fistula. Eur J Med Genet.
2007;50(3):163–175.

20 Munzon GB, Martinez-Ferro
M. Pediatric tracheal stenosis
and vascular rings. Bulletin of
Thoracic Surgery. 2012;5(II
Aralik):207–219.

21 Berrocal T, Madrid C, Novo S,
Gutierrez J, Arjonilla A,
Gomez-Leon N. Congenital
anomalies of the
tracheobronchial tree, lung,
and mediastinum: embryology,
radiology, and pathology.
Radiographics. 2004;24(1):e17.

22 de Groot-van der Mooren MD,
Haak MC, Lakeman P, Cohen-
Overbeek TE, van der Voorn
JP, Bretschneider JH, et al.
Tracheal agenesis: approach
towards this severe diagnosis.
Case report and review of the
literature. Eur J Pediatr.
2012;171(3):425–431.

23 Aktogu S, Yuncu G, Halilcolar
H, Ermete S, Buduneli T.
Bronchogenic cysts:
clinicopathological
presentation and treatment.
Eur Respir J. 1996;9(10):2017–
2021.

24 Garcia-Pena P, Coma A,
Enriquez G. Congenital lung
malformations: radiological
findings and clues for
differential diagnosis. Acta
Radiol. 2013;54(9):1086–1095.

25 Girosi D, Bellodi S, Sabatini F,
Rossi GA. The lung and the
gut: common origins, close
links. Paediatr Respir Rev.
2006;7 Suppl 1:S235–239.

26 Nadeem M, Elnazir B, Greally
P. Congenital pulmonary
malformation in children.
Scientifica (Cairo).
2012;2012:209896.

27 Wallis C. Clinical outcomes of
congenital lung abnormalities.
Paediatr Respir Rev. 2000;1
(4):328–335.

28 Sarper A, Ayten A, Golbasi I,
Demircan A, Isin E.
Bronchogenic cyst. Tex Heart
Inst J. 2003;30(2):105–108.

29 Gould SJ, Hasleton PS.
Congenital Abnormalities. In:
Hasleton PS, ed. Spencer's

119

Congenital Malformations of the Lung



Pathology of the Lung. 5th ed.
New York: McGraw-Hill, Inc;
1996:57–114.

30 Hoffer ME, Tom LW,
Wetmore RF, Handler SD,
Potsic WP. Congenital tracheal
stenosis. The otolaryngologist's
perspective. Arch Otolaryngol
Head Neck Surg. 1994;120
(4):449–453.

31 Phipps LM, Raymond JA,
Angeletti TM. Congenital
tracheal stenosis. Crit Care
Nurse. 2006;26(3):60–69.

32 Landing BH, Dixon LG.
Congenital malformations and
genetic disorders of the
respiratory tract (larynx,
trachea, bronchi, and lungs).
Am Rev Respir Dis. 1979;120
(1):151–185.

33 Chen CP, Lin SP, Su YN, Chien
SC, Tsai FJ, Wang W.
Craniosynostosis and
congenital tracheal anomalies
in an infant with Pfeiffer
syndrome carrying the W290C
FGFR2 mutation. Genet Couns.
2008;19(2):165–172.

34 Cohen MM, Jr., Kreiborg S.
Visceral anomalies in the Apert
syndrome. Am J Med Genet.
1993;45(6):758–760.

35 Gonzales M, Heuertz S,
Martinovic J, Delahaye S, Bazin
A, Loget P, et al. Vertebral
anomalies and cartilaginous
tracheal sleeve in three patients
with Pfeiffer syndrome
carrying the S351C FGFR2
mutation. Clin Genet. 2005;68
(2):179–181.

36 Hockstein NG, McDonald-
McGinn D, Zackai E, Bartlett S,
Huff DS, Jacobs IN. Tracheal
anomalies in Pfeiffer
syndrome. Arch Otolaryngol
Head Neck Surg. 2004;130
(11):1298–1302.

37 Jones KL, Smith DW. Smith's
recognizable patterns of human
malformation. Philadelphia:
Elsevier-Saunders; 2006.

38 Kan SH, Elanko N, Johnson D,
Cornejo-Roldan L, Cook J,
Reich EW, et al. Genomic

screening of fibroblast growth-
factor receptor 2 reveals a wide
spectrum of mutations in
patients with syndromic
craniosynostosis. Am J Hum
Genet. 2002;70(2):472–486.

39 Lertsburapa K, Schroeder JW,
Jr, Sullivan C. Tracheal
cartilaginous sleeve in patients
with craniosynostosis
syndromes: a meta-analysis.
J Pediatr Surg. 2010;45
(7):1438–1444.

40 Noorily MR, Farmer DL,
Belenky WM, Philippart AI.
Congenital tracheal anomalies
in the craniosynostosis
syndromes. J Pediatr Surg.
1999;34(6):1036–1039.

41 Scheid SC, Spector AR, Luft JD.
Tracheal cartilaginous sleeve in
Crouzon syndrome. Int
J Pediatr Otorhinolaryngol.
2002;65(2):147–152.

42 Zackai EH, McDonald-
McGinn DM, Stolle C, Huff
DS. Craniosynostosis with
tracheal sleeve: a patient with
Pfeiffer syndrome, tracheal
sleeve and additional
malformations in whom an
FGFR2 mutation was found.
Clin Dysmorphol. 2003;12
(3):209.

43 Eswarakumar VP, Horowitz
MC, Locklin R, Morriss-Kay
GM, Lonai P. A gain-of-
function mutation of Fgfr2c
demonstrates the roles of this
receptor variant in
osteogenesis. Proc Natl Acad
Sci U S A. 2004;101(34):12555–
12560.

44 Tiozzo C, De Langhe S,
Carraro G, Alam DA, Nagy A,
Wigfall C, et al. Fibroblast
growth factor 10 plays a
causative role in the tracheal
cartilage defects in a mouse
model of Apert syndrome.
Pediatr Res. 2009;66(4):386–
390.

45 Wang Y, Xiao R, Yang F,
Karim BO, Iacovelli AJ, Cai J,
et al. Abnormalities in cartilage
and bone development in the

Apert syndrome FGFR2(+/
S252W) mouse. Development.
2005;132(15):3537–3548.

46 Meyerholz DK, Stoltz DA,
Namati E, Ramachandran S,
Pezzulo AA, Smith AR, et al.
Loss of cystic fibrosis
transmembrane conductance
regulator function produces
abnormalities in tracheal
development in neonatal pigs
and young children. Am
J Respir Crit Care Med.
2010;182(10):1251–1261.

47 DeBoer EM, Swiercz W,
Heltshe SL, Anthony MM,
Szefler P, Klein R, et al.
Automated CT scan scores of
bronchiectasis and air trapping
in cystic fibrosis. Chest.
2014;145(3):593–603.

48 Adam RJ, Michalski AS, Bauer
C, Abou Alaiwa MH, Gross TJ,
Awadalla MS, et al. Air
trapping and airflow
obstruction in newborn cystic
fibrosis piglets. Am J Respir
Crit Care Med. 2013;188
(12):1434–1441.

49 Bonvin E, Le Rouzic P,
Bernaudin JF, Cottart CH,
Vandebrouck C, Crie A, et al.
Congenital tracheal
malformation in cystic fibrosis
transmembrane conductance
regulator-deficient mice.
J Physiol. 2008;586(13):3231–
3243.

50 Wallace HL, Southern KW,
Connell MG, Wray S, Burdyga
T. Abnormal tracheal smooth
muscle function in the CF
mouse. Physiol Rep. 2013;1(6):
e00138.

51 Carden KA, Boiselle PM, Waltz
DA, Ernst A. Tracheomalacia
and tracheobronchomalacia in
children and adults: an in-
depth review. Chest. 2005;127
(3):984–1005.

52 Kayemba-Kay's S, Couvrat-
Carcauzon V, Goua V, Podevin
G, Marteau M, Sapin E, et al.
Unilateral pulmonary agenesis:
a report of four cases, two
diagnosed antenatally and

120

Fetal and Neonatal Lung Development



literature review. Pediatr
Pulmonol. 2014;49(3):E96–102.

53 Russell BC, Whitecar P,
Nitsche JF. Isolated unilateral
pulmonary agenesis and
other fetal thoracic anomalies.
Obstet Gynecol Surv. 2014;69
(6):335–345.

54 Cunningham ML, Mann N.
Pulmonary agenesis: a
predictor of ipsilateral
malformations. Am J Med
Genet. 1997;70(4):391–398.

55 Pierron C, Sigal-Cinqualbre A,
Lambert V, Le Bret E. Left
pulmonary artery sling with
right lung aplasia. J Pediatr
Surg. 2011;46(11):2190–2194.

56 Holstein A, Weber M. An
extraordinary finding –
accidental diagnosis of
complete pulmonary aplasia in
a 90-year-old lady. Age Ageing.
2009;38(4):487.

57 Kwon SH, Oh JH, Sung DW.
Incidentally found right
pulmonary aplasia in an adult
patient: the 64-slice MDCT
findings. J Thorac Imaging.
2009;24(1):56–58.

58 Bishop NB, Stankiewicz P,
Steinhorn RH. Alveolar
capillary dysplasia. Am J Respir
Crit Care Med. 2011;184
(2):172–179.

59 Chow CW, Massie J, Ng J,
Mills J, Baker M. Acinar
dysplasia of the lungs: variation
in the extent of involvement
and clinical features. Pathology.
2013;45(1):38–43.

60 Dishop MK. Paediatric
interstitial lung disease:
classification and definitions.
Paediatr Respir Rev. 2011;12
(4):230–237.

61 Langenstroer M, Carlan SJ,
Fanaian N, Attia S. Congenital
acinar dysplasia: report of a
case and review of literature.
AJP Rep. 2013;3(1):9–12.

62 Langston C, Dishop MK.
Diffuse lung disease in infancy:
a proposed classification
applied to 259 diagnostic

biopsies. Pediatr Dev Pathol.
2009;12(6):421–437.

63 Melly L, Sebire NJ, Malone M,
Nicholson AG. Capillary
apposition and density in the
diagnosis of alveolar capillary
dysplasia. Histopathology.
2008;53(4):450–457.

64 Wert SE, Profitt S, Kirwin KL,
Langston C, Whitsett J. Acinar
dysplasia is associated with the
absence of TTF-a and HNF3-B
expression during human lung
development. Pediatr Res.
1996;39:355A.

65 Galambos C, Sims-Lucas S,
Abman SH. Three-dimensional
reconstruction identifies
misaligned pulmonary veins
as intrapulmonary shunt
vessels in alveolar capillary
dysplasia. J Pediatr. 2014;164
(1):192–195.

66 Galambos C, Sims-Lucas S, Ali
N, Gien J, Dishop MK, Abman
SH. Intrapulmonary vascular
shunt pathways in alveolar
capillary dysplasia with
misalignment of pulmonary
veins. Thorax. 2015;70(1):
84–85.

67 Miranda J, Rocha G, Soares P,
Morgado H, Baptista MJ,
Azevedo I, et al. A novel
mutation in FOXF1 gene
associated with alveolar
capillary dysplasia with
misalignment of pulmonary
veins, intestinal malrotation
and annular pancreas.
Neonatology. 2013;103(4):241–
245.

68 Nguyen L, Riley MM, Sen P,
Galambos C. Alveolar capillary
dysplasia with misalignment of
pulmonary veins with a wide
spectrum of extrapulmonary
manifestations. Pathol Int.
2013;63(10):519–521.

69 Stankiewicz P, Sen P, Bhatt SS,
Storer M, Xia Z, Bejjani BA,
et al. Genomic and genic
deletions of the FOX gene
cluster on 16q24.1 and
inactivating mutations of
FOXF1 cause alveolar capillary

dysplasia and other
malformations. Am J Hum
Genet. 2009;84(6):780–791.

70 Sen P, Dharmadhikari AV,
Majewski T, Mohammad MA,
Kalin TV, Zabielska J, et al.
Comparative analyses of lung
transcriptomes in patients with
alveolar capillary dysplasia with
misalignment of pulmonary
veins and in foxf1 heterozygous
knockout mice. PLoS One.
2014;9(4):e94390.

71 Sen P, Yang Y, Navarro C, Silva
I, Szafranski P, Kolodziejska
KE, et al. Novel FOXF1
mutations in sporadic and
familial cases of alveolar
capillary dysplasia with
misaligned pulmonary veins
imply a role for its DNA
binding domain. Hum Mutat.
2013;34(6):801–811.

72 Ren X, Ustiyan V, Pradhan A,
Cai Y, Havrilak JA, Bolte CS,
et al. FOXF1 transcription
factor is required for formation
of embryonic vasculature by
regulating VEGF signaling in
endothelial cells. Circ Res.
2014;115(8):709–720.

73 Corbett HJ, Humphrey GM.
Pulmonary sequestration.
Paediatr Respir Rev. 2004;5
(1):59–68.

74 Nunes C, Pereira I, Araujo C,
Santo SF, Carvalho RM, Melo
A, et al. Fetal
bronchopulmonary
malformations. J Matern Fetal
Neonatal Med. 2014:1–5.

75 Kunisaki SM, Fauza DO,
Nemes LP, Barnewolt CE,
Estroff JA, Kozakewich HP,
et al. Bronchial atresia: the
hidden pathology within a
spectrum of prenatally
diagnosed lung masses.
J Pediatr Surg. 2006;41(1):61–
65; discussion 61-65.

76 Beydon N, Larroquet M,
Coulomb A, Jouannic JM,
Ducou le Pointe H, Clement A,
et al. Comparison between US
and MRI in the prenatal
assessment of lung

121

Congenital Malformations of the Lung



malformations. Pediatr Radiol.
2013;43(6):685–696.

77 Kongstad T, Buchvald F,
Brenoe J, Petersen BL, Tabor A,
Nielsen KG. Radiology,
histology and short-term
outcome of asymptomatic
congenital thoracic
malformations. Acta Paediatr.
2012;101(2):155–158.

78 Pacharn P, Kline-Fath B,
Calvo-Garcia M, Linam LE,
Rubio EI, Salisbury S, et al.
Congenital lung lesions:
prenatal MRI and postnatal
findings. Pediatr Radiol.
2013;43(9):1136–1143.

79 Baird R, Puligandla PS, Laberge
JM. Congenital lung
malformations: informing best
practice. Semin Pediatr Surg.
2014;23(5):270–277.

80 Wall J, Coates A. Prenatal
imaging and postnatal
presentation, diagnosis and
management of congenital lung
malformations. Curr Opin
Pediatr. 2014;26(3):315–319.

81 Laberge JM, Bratu I, Flageole
H. The management of
asymptomatic congenital lung
malformations. Paediatr Respir
Rev. 2004;5 Suppl A:S305–312.

82 Stocker JT, Mani H, Husain AN.
The respiratory tract. In: Stocker
JT, Dehner LP, Husain AN, eds.
Pediatric Pathology. 3rd ed.
Philadelphia, PA: Lippincott
Williams & Wilkins; 2011:441–
515.

83 Coleman A, Phithakwatchara
N, Shaaban A, Keswani S,
Kline-Fath B, Kingma P, et al.
Fetal lung growth represented
by longitudinal changes in
MRI-derived fetal lung volume
parameters predicts survival in
isolated left-sided congenital
diaphragmatic hernia. Prenat
Diagn. 2015;35(2):160–166.

84 de Castro Rezende G, Pereira
AK, Araujo Junior E, Reis ZS,
Vieira Cabral AC. Prediction of
lethal pulmonary hypoplasia
among high-risk fetuses via 2D
and 3D ultrasonography. Int

J Gynaecol Obstet. 2013;
123(1):42–45.

85 Vergani P. Prenatal diagnosis
of pulmonary hypoplasia. Curr
Opin Obstet Gynecol. 2012;24
(2):89–94.

86 Joshi S, Kotecha S. Lung
growth and development. Early
Hum Dev. 2007;83(12):789–
794.

87 Chen F, Cao Y, Qian J, Shao F,
Niederreither K, Cardoso WV.
A retinoic acid-dependent
network in the foregut controls
formation of the mouse
lung primordium. J Clin
Invest. 2010;120(6):2040–
2048.

88 Mendelsohn C, Lohnes D,
Decimo D, Lufkin T, LeMeur
M, Chambon P, et al. Function
of the retinoic acid receptors
(RARs) during development
(II). Multiple abnormalities at
various stages of organogenesis
in RAR double mutants.
Development. 1994;120
(10):2749–2771.

89 Darlow BA, Graham PJ.
Vitamin A supplementation to
prevent mortality and short-
and long-term morbidity in
very low birthweight infants.
Cochrane Database Syst Rev.
2011(10):CD000501.

90 Massaro GD, Massaro D.
Postnatal treatment with
retinoic acid increases the
number of pulmonary alveoli
in rats. Am J Physiol. 1996;270
(2 Pt 1):L305–310.

91 Devriendt K, Vanhole C,
Matthijs G, de Zegher F.
Deletion of thyroid
transcription factor-1 gene in
an infant with neonatal thyroid
dysfunction and respiratory
failure. N Engl J Med. 1998;338
(18):1317–1318.

92 Kimura S, Hara Y, Pineau T,
Fernandez-Salguero P, Fox CH,
Ward JM, et al. The T/ebp null
mouse: thyroid-specific
enhancer-binding protein is
essential for the organogenesis
of the thyroid, lung, ventral

forebrain, and pituitary. Genes
Dev. 1996;10(1):60–69.

93 Shetty VB, Kiraly-Borri C,
Lamont P, Bikker H, Choong
CS. NKX2-1 mutations in
brain-lung-thyroid syndrome:
a case series of four patients.
J Pediatr Endocrinol Metab.
2014;27(3–4):373–378.

94 Hamvas A, Deterding RR,
Wert SE, White FV, Dishop
MK, Alfano DN, et al.
Heterogeneous pulmonary
phenotypes associated with
mutations in the thyroid
transcription factor gene
NKX2-1. Chest. 2013;144
(3):794–804.

95 Pohlenz J, Dumitrescu A,
Zundel D, Martine U,
Schonberger W, Koo E, et al.
Partial deficiency of thyroid
transcription factor 1 produces
predominantly neurological
defects in humans and mice.
J Clin Invest. 2002;109(4):469–
473.

96 Minoo P, Su G, Drum H,
Bringas P, Kimura S. Defects in
tracheoesophageal and lung
morphogenesis in Nkx2.1(–/–)
mouse embryos. Dev Biol.
1999;209(1):60–71.

97 Gupta K, Das A, Menon P,
Kakkar N, Rao KL, Joshi K.
Revisiting the histopathologic
spectrum of congenital
pulmonary developmental
disorders. Fetal Pediatr Pathol.
2012;31(2):74–86.

98 Nowaczyk MJ, Irons MB.
Smith-Lemli-Opitz syndrome:
phenotype, natural history, and
epidemiology. Am J Med Genet
C Semin Med Genet. 2012;160C
(4):250–262.

99 Waterham HR, Hennekam RC.
Mutational spectrum of Smith-
Lemli-Opitz syndrome. Am
J Med Genet C Semin Med
Genet. 2012;160C(4):263–284.

100 Yu H, Wessels A, Chen J,
Phelps AL, Oatis J, Tint GS,
et al. Late gestational lung
hypoplasia in a mouse model of
the Smith-Lemli-Opitz

122

Fetal and Neonatal Lung Development



syndrome. BMC Dev Biol.
2004;4:1.

101 Deutsch GH, Young LR,
Deterding RR, Fan LL, Dell SD,
Bean JA, et al. Diffuse lung
disease in young children:
application of a novel
classification scheme. Am
J Respir Crit Care Med.
2007;176(11):1120–1128.

102 Ruchonnet-Metrailler I,
Bessieres B, Bonnet D,
Vibhushan S, Delacourt C.
Pulmonary hypoplasia
associated with congenital
heart diseases: a fetal study.
PLoS One. 2014;9(4):e93557.

103 Akinkuotu AC, Sheikh F, Cass
DL, Zamora IJ, Lee TC,
Cassady CI, et al. Are all
pulmonary hypoplasias the
same? A comparison of
pulmonary outcomes in
neonates with congenital
diaphragmatic hernia,
omphalocele and congenital
lung malformation. J Pediatr
Surg. 2015;50(1):55–59.

104 Faruqi S, Varma R, Avery G,
Kastelik J. Pulmonary
hypoplasia. Intern Med.
2011;50(10):1129.

105 Georgescu A, Nuta C, Bondari
S. 3D imaging in unilateral
primary pulmonary hypoplasia
in an adult: a case report.
Case Rep Radiol. 2011;2011:
659586.

106 Katsenos S, Antonogiannaki
EM, Tsintiris K. Unilateral
primary lung hypoplasia
diagnosed in adulthood. Respir
Care. 2014;59(4):e47–50.

107 Cloutier MM, Schaeffer DA,
Hight D. Congenital cystic
adenomatoid malformation.
Chest. 1993;103(3):761–764.

108 Hill DA, Jarzembowski JA,
Priest JR, Williams G,
Schoettler P, Dehner LP. Type
I pleuropulmonary blastoma:
pathology and biology study of
51 cases from the international
pleuropulmonary blastoma
registry. Am J Surg Pathol.
2008;32(2):282–295.

109 Morotti RA, Cangiarella J,
Gutierrez MC, Jagirdar J, Askin
F, Singh G, et al. Congenital
cystic adenomatoid
malformation of the lung
(CCAM): evaluation of the
cellular components. Hum
Pathol. 1999;30(6):618–625.

110 Nasr A, Himidan S, Pastor AC,
Taylor G, Kim PC. Is
congenital cystic adenomatoid
malformation a premalignant
lesion for pleuropulmonary
blastoma? J Pediatr Surg.
2010;45(6):1086–1089.

111 Wagh PK, Gardner MA, Ma X,
Callahan M, Shannon JM, Wert
SE, et al. Cell- and
developmental stage-specific
Dicer1 ablation in the lung
epithelium models cystic
pleuropulmonary blastoma.
J Pathol. 2015;236(1):4-521.

112 Riedlinger WF, Vargas SO,
Jennings RW, Estroff JA,
Barnewolt CE, Lillehei CW,
et al. Bronchial atresia is
common to extralobar
sequestration, intralobar
sequestration, congenital cystic
adenomatoid malformation,
and lobar emphysema. Pediatr
Dev Pathol. 2006;9(5):
361–373.

113 Correia-Pinto J, Gonzaga S,
Huang Y, Rottier R. Congenital
lung lesions – underlying
molecular mechanisms. Semin
Pediatr Surg. 2010;19(3):171–
179.

114 Gonzaga S, Henriques-Coelho
T, Davey M, Zoltick PW, Leite-
Moreira AF, Correia-Pinto J,
et al. Cystic adenomatoid
malformations are induced by
localized FGF10
overexpression in fetal rat lung.
Am J Respir Cell Mol Biol.
2008;39(3):346–355.

115 Jancelewicz T, Nobuhara K,
Hawgood S. Laser
microdissection allows
detection of abnormal gene
expression in cystic
adenomatoid malformation of
the lung. J Pediatr Surg.
2008;43(6):1044–1051.

116 Tichelaar JW, Lu W, Whitsett
JA. Conditional expression of
fibroblast growth factor-7 in
the developing and mature
lung. J Biol Chem. 2000;275
(16):11858–11864.

117 Volpe MV, Pham L, Lessin M,
Ralston SJ, Bhan I, Cutz E, et al.
Expression of Hoxb-5 during
human lung development and
in congenital lung
malformations. Birth Defects
Res A Clin Mol Teratol. 2003;67
(8):550–556.

118 Wang X, Wolgemuth DJ, Baxi
LV. Overexpression of
HOXB5, cyclin D1 and PCNA
in congenital cystic
adenomatoid malformation.
Fetal Diagn Ther. 2011;29
(4):315–320.

119 Lezmi G, Verkarre V, Khen-
Dunlop N, Vibhushan S,
Hadchouel A, Rambaud C,
et al. FGF10 Signaling
differences between type
I pleuropulmonary blastoma
and congenital cystic
adenomatoid malformation.
Orphanet J Rare Dis.
2013;8:130.

120 DeBoer EM, Keene S, Winkler
AM, Shehata BM. Identical
twins with lethal congenital
pulmonary airway
malformation type 0 (acinar
dysplasia): further evidence of
familial tendency. Fetal Pediatr
Pathol. 2012;31(4):217–224.

121 MacSweeney F,
Papagiannopoulos K,
Goldstraw P, Sheppard MN,
Corrin B, Nicholson AG. An
assessment of the expanded
classification of congenital
cystic adenomatoid
malformations and their
relationship to malignant
transformation. Am J Surg
Pathol. 2003;27(8):1139–1146.

122 Hasegawa M, Sakai F, Arimura
K, Katsura H, Koh E, Sekine Y,
et al. EGFR mutation of
adenocarcinoma in congenital
cystic adenomatoid
malformation/congenital
pulmonary airway

123

Congenital Malformations of the Lung



malformation: a case report.
Jpn J Clin Oncol. 2014;44
(3):278–281.

123 Kim MY, Kang CH, Park SH.
Multifocal synchronous
mucinous adenocarcinomas
arising in congenital
pulmonary airway
malformation: a case report
with molecular study.
Histopathology. 2014;65
(6):926–932.

124 Tetsumoto S, Kijima T, Morii
E, Goya S, Minami T, Hirata H,
et al. Echinoderm microtubule-
associated protein-like 4
(EML4)-anaplastic lymphoma
kinase (ALK) rearrangement in
congenital pulmonary airway
malformation. Clin Lung
Cancer. 2013;14(4):457–460.

125 Messinger YH, Stewart DR,
Priest JR, Williams GM, Harris
AK, Schultz KA, et al.
Pleuropulmonary blastoma:
A report on 350 central
pathology-confirmed
pleuropulmonary blastoma
cases by the International
Pleuropulmonary Blastoma
Registry. Cancer. 2015;121
(2):276–285.

126 Oliveira C, Himidan S, Pastor
AC, Nasr A, Manson D, Taylor
G, et al. Discriminating
preoperative features of
pleuropulmonary blastomas
(PPB) from congenital cystic
adenomatoid malformations
(CCAM): a retrospective, age-
matched study. Eur J Pediatr
Surg. 2011;21(1):2–7.

127 Manivel JC, Priest JR,
Watterson J, Steiner M, Woods
WG, Wick MR, et al.
Pleuropulmonary blastoma.
The so-called pulmonary
blastoma of childhood. Cancer.
1988;62(8):1516–1526.

128 Priest JR, Watterson J, Strong
L, Huff V, Woods WG, Byrd
RL, et al. Pleuropulmonary
blastoma: a marker for familial
disease. J Pediatr. 1996;128
(2):220–224.

129 Foulkes WD, Bahubeshi A,
Hamel N, Pasini B, Asioli S,

Baynam G, et al. Extending the
phenotypes associated with
DICER1 mutations. Hum
Mutat. 2011;32(12):1381–1384.

130 Rio Frio T, Bahubeshi A,
Kanellopoulou C, Hamel N,
Niedziela M, Sabbaghian N,
et al. DICER1 mutations in
familial multinodular goiter
with and without ovarian
Sertoli-Leydig cell tumors.
JAMA. 2011;305(1):68–77.

131 Slade I, Bacchelli C, Davies H,
Murray A, Abbaszadeh F,
Hanks S, et al. DICER1
syndrome: clarifying the
diagnosis, clinical features and
management implications of a
pleiotropic tumour
predisposition syndrome.
J Med Genet. 2011;48(4):273–
278.

132 Hill DA, Ivanovich J, Priest JR,
Gurnett CA, Dehner LP,
Desruisseau D, et al. DICER1
mutations in familial
pleuropulmonary blastoma.
Science. 2009;325(5943):965.

133 Medina PP, Slack FJ.
microRNAs and cancer: an
overview. Cell Cycle. 2008;7
(16):2485–2492.

134 Stefani G, Slack FJ. Small non-
coding RNAs in animal
development. Nat Rev Mol Cell
Biol. 2008;9(3):219–230.

135 Heravi-Moussavi A, Anglesio
MS, Cheng SW, Senz J, Yang
W, Prentice L, et al. Recurrent
somatic DICER1 mutations in
nonepithelial ovarian cancers.
N Engl J Med. 2012;366
(3):234–242.

136 Pugh TJ, Yu W, Yang J, Field
AL, Ambrogio L, Carter SL,
et al. Exome sequencing of
pleuropulmonary blastoma
reveals frequent biallelic loss of
TP53 and two hits in DICER1
resulting in retention of
5p-derived miRNA hairpin
loop sequences. Oncogene.
2014;33(45):5295–5302.

137 Seki M, Yoshida K, Shiraishi Y,
Shimamura T, Sato Y,
Nishimura R, et al. Biallelic

DICER1 mutations in sporadic
pleuropulmonary blastoma.
Cancer Res. 2014;74(10):
2742–2749.

138 Walker CM, Wu CC, Gilman
MD, Godwin JD, 2nd,
Shepard JA, Abbott GF. The
imaging spectrum of
bronchopulmonary
sequestration. Curr Probl
Diagn Radiol. 2014;43(3):
100–114.

139 Freedom RM, Yoo SJ, Goo
HW, Mikailian H, Anderson
RH. The bronchopulmonary
foregut malformation complex.
Cardiol Young. 2006;16
(3):229–251.

140 Sun X, Xiao Y. Pulmonary
sequestration in adult patients:
a retrospective study. Eur
J Cardiothorac Surg. 2015;
48(2):279–282.

141 Belchis D, Cowan M, Mortman
K, Rezvani B. Adenocarcinoma
arising in an extralobar
sequestration: a case report
and review of the literature.
Lung Cancer. 2014;84(1):
92–95.

142 Zhang H, Tian J, Chen Z, Ma
X, Yu G, Zhang J, et al.
Retrospective study of prenatal
diagnosed pulmonary
sequestration. Pediatr Surg Int.
2014;30(1):47–53.

143 Ozcelik U, Gocmen A, Kiper N,
Dogru D, Dilber E, Yalcin EG.
Congenital lobar emphysema:
evaluation and long-term
follow-up of thirty cases at a
single center. Pediatr Pulmonol.
2003;35(5):384–391.

144 Mani H, Suarez E, Stocker JT.
The morphologic spectrum of
infantile lobar emphysema: a
study of 33 cases. Paediatr
Respir Rev. 2004;5 Suppl A:
S313–320.

145 Seo T, Ando H, Kaneko K, Ono
Y, Tainaka T, Sumida W, et al.
Two cases of prenatally
diagnosed congenital lobar
emphysema caused by lobar
bronchial atresia. J Pediatr
Surg. 2006;41(11):e17–20.

124

Fetal and Neonatal Lung Development



146 Reiterer F, Grossauer K, Morris
N, Uhrig S, Resch B.
Congenital pulmonary
lymphangiectasis. Paediatr
Respir Rev. 2014;15(3):
275–280.

147 de Bruyn G, Casaer A,
Devolder K, Van Acker G,
Logghe H, Devriendt K, et al.
Hydrops fetalis and pulmonary
lymphangiectasia due to
FOXC2 mutation: an
autosomal dominant
hereditary lymphedema
syndrome with variable
expression. Eur J Pediatr.
2012;171(3):447–450.

148 Fabretto A, Kutsche K,
Harmsen MB, Demarini S,
Gasparini P, Fertz MC, et al.
Two cases of Noonan
syndrome with severe
respiratory and gastroenteral
involvement and the SOS1
mutation F623I. Eur J Med
Genet. 2010;53(5):322–324.

149 Mathur D, Somashekar S,
Navarrete C, Rodriguez MM.
Twin infant with lymphatic
dysplasia diagnosed with
Noonan syndrome by
molecular genetic testing. Fetal
Pediatr Pathol. 2014;33(4):
253–257.

150 Yao LC, Testini C, Tvorogov
D, Anisimov A, Vargas SO,
Baluk P, et al. Pulmonary
lymphangiectasia resulting
from vascular endothelial
growth factor-C
overexpression during a critical
period. Circ Res. 2014;114(5):
806–822.

151 Boland JM, Tazelaar HD,
Colby TV, Leslie KO, Hartman
TE, Yi ES. Diffuse pulmonary
lymphatic disease presenting as
interstitial lung disease in
adulthood: report of 3 cases.
Am J Surg Pathol. 2012;36(10):
1548–1554.

125

Congenital Malformations of the Lung



Chapter

7
Lung Structure at Pretermand TermBirth
Jason C.Woods and Johannes C. Schittny

Abstract
When lung development is not interrupted by premature birth and unaffected by genetic or
environmental disturbances, all components develop with complex control to form a functional
organ with a predictable timeline during fetal development. In this chapter we describe the
relationship between morphological development and function in both physiological and
pathological conditions in human lung development. Tree-like growth of the lung begins
during the first fewweeks postconception, with the embryonic stage characterized by branching
morphogenesis in both the airways and blood vessels, separately in the left and right lung buds,
which appear near day 26 postcoitus (p.c.). Branching continues through the embryonic stage,
with proliferation of mesenchymal and epithelial cells and apoptosis near branch points and in
the areas of new formation. The pseudoglandular stage (weeks 5–17 p.c.) is characterized by
accelerated cellular proliferation and airway and vascular branching, with epithelial differenti-
ation in proximal and distal airways. Further epithelial differentiation, angiogenesis of the
parenchymal capillary network, and the first formation of the air–blood barrier characterize the
canalicular stage (16–26 weeks p.c.), just before the completion of branching morphogenesis
(saccular stage, weeks 24–38 p.c.) and the start of alveolarization (week 36 through adolescence).

Keywords:
Structure, differentiation, alveolarization, branching, diffusion front

Overview
A functional lung has a high surface area for gas
exchange with a thin blood–gas barrier, a surfac-
tant system facilitating inflation of the lung and
efficient blood–gas exchange, and a conductive
airway tree. In addition, these airway and gas-
exchange structures are served by a vascular
system mirroring the airways to facilitate arterial
supply of oxygen and venous return of carbon
dioxide. When development is not interrupted
by premature birth and unaffected by genetic or
environmental disturbances, all components
develop with complex control to form a func-
tional organ with a predictable timeline during
fetal development. We will describe the relation-
ship between morphological development and
function in both physiological and pathological
conditions in human lung development.

Structural Perspective on Lung
Function
The combination of a very thin tissue barrier and
a very large air–blood contact surface, together
with the ability to move large volumes of gas in
and out of the lungs within a few seconds, is an

amazing evolutionary achievement necessary for
adequate gas exchange. Up until the moment of
the first breath ex utero, fetal gas exchange occurs
though the placenta, and immediately after birth,
the lung must deal with assault from the outside
environment, not least from gaseous oxygen and
particulates, and provide adequate gas exchange
for survival. The lungs continue to develop well
beyond birth. The available surface area for gas
exchange continues to grow for what is hypothe-
sized to be many years after birth by continued
alveolarization in the normal lung.

Congenital pulmonary abnormalities largely
result from aberrant protein expression resulting
in structural vascular abnormalities often associ-
ated with congenital heart disease (1), metabolic
enzyme activity, or ion transport defects and are
often progressive (2). Pulmonary abnormalities
that arise as a result of preterm birth are typically
due to underdeveloped alveolar and/or vascular
structures and have immediate detrimental effects
at birth. Preterm birth is essentially the arrest of
late-lung development, manifesting as lung mal-
formation. The extent to which the lung is mal-
formed depends on the gestational age at which
birth occurs and lifesaving interventions (includ-
ing high oxygen, mechanical ventilation, and
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surfactant), and the resulting bronchopulmonary
dysplasia (BPD) can range from transient respira-
tory deficits to lifelong effects (3).

Anatomic development of the structures that
provide for convective flow of gas to and from lung
acini and development of the gas-exchange struc-
tures within those acini are both essential to proper
physiological function at birth. Recent research
has shown that many of the cell types in the pul-
monary system can regenerate, thus effecting
repair and restoring near-normal function of dam-
aged tissue. However, the success of this built-in
repair mechanism depends on the cause of injury
(4). This chapter describes normal lung develop-
ment of both the conducting and respiratory
airways throughout gestation, for the reader to
understand normal and abnormal lung physiology
at premature and mature birth and beyond.

The Pulmonary Airway Tree: Conduction
and Diffusion, the Diffusion Front,
and Scaling
The lung is an impressive organ because it pro-
vides new oxygen at each breath to an internal

pulmonary surface area the size of a tennis court
(~130 m2 for a healthy adult near functional
residual capacity). The relationship between bron-
chial tissue and the arteriovenous structures
required for efficient gaseous exchange is intimate
and inseparable. However, although there are cer-
tain similarities between the structure of the vas-
cular and bronchial trees, there are also some
important differences that largely relate to fluid
flow differences between gases and liquids.
Figure 7-1 depicts the branching structure of
airways and illustrates the “convection zone”
(smooth-walled airways where gas flow is pressure
driven) down to the terminal bronchiole and the
“respiratory zone,”where gas exchange occurs and
diffusive gas transport is faster than pressure-
driven flow, at physiologic pressures. The “diffu-
sion front,” or the boundary between these two
zones, can vary depending on exertion – moving
slightly proximal during quiet rest and more distal
during exercise and rapid breathing (5). Abnor-
malities in airways at any level can significantly
alter air flow and subsequent gas exchange. Small
changes in conducting airways, such as wall
remodeling or temporary increases in wall

Figure 7-1. Airway branching with
gestational age. The stages of lung
development and the development of
the bronchial tree. On average an
airway of a human lung ends after
approximately 23 generations in an
alveolar saccule; however, due to the
shape of the lung, a range of 18 to 30
generations has been observed for
lung pathways of varying lengths.
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thickness, can significantly affect the downstream
flow and may alter the laminar/turbulent balance
of the normal airway tree (6). Similarly, alterations
to acinar airways (in the respiratory zone), such as
alveolar-wall simplification or thickening, can sig-
nificantly affect either the available gas-exchange
surface area or increase the diffusion time to the
gas–blood barrier (7).

The Pulmonary Vascular Tree
Bronchial circulatory structures are also highly
specialized, conforming to function (8). Elliott
and Reid (9, 10) categorized pulmonary vessels
into conventional and supernumerary; conven-
tional vessels are located adjacent to the bronchial
tree, and their branches and supernumerary
vessels supply the nearest acinar structures.
Supernumerary vessels are found throughout the
pulmonary tree, but tend to be more numerous
toward the periphery of lung tissue. Developmen-
tally, the conventional and supernumerary vessels
are established in the same temporal space as the
pulmonary structures they accompany/supply,
and pre-acinar pulmonary vessel anatomy is com-
plete at midgestation. Vascular development after
20 weeks consists largely of changes in vessel wall
thickness, cellular constituents, and muscle for-
mation. At birth, pulmonary arterial walls quickly
thin (by around 50% as smooth muscle cells
reduce their overlap), and the medial thickness
continues to decrease over the first 3 months of
life, with little physiological change thereafter.
The rate of arterial formation increases for
2 months after birth, and then slows to match
the rate of alveolar formation. These anatomical
changes reflect functional changes throughout
late gestation and birth/perinatal development.
Pulmonary circulation in the fetus has relatively

high vascular resistance and low blood flow (11),
which changes at birth and the first inspiration
when the foramen ovale and ductus arteriosus
close, shunting blood to the lungs (12). Higher
PO2 in the pulmonary artery is sensed by the
endothelium, and higher shear stress acts to
switch the function of these vessels in the
breathing infant (13).

Pre- and Postnatal Lung
Development
Embryonic Stage (Weeks 4–7 p.c., 6–9
Weeks PMA)
Tree-like growth of the lung begins during the
first few weeks postconception; the embryonic
stage is characterized by branching morphogen-
esis of both the airways and blood vessels, arising
from a mixture of largely undifferentiated cells
that will later segment themselves into the
smooth muscle, blood vessels, lymphatic cells,
and epithelium. It was once thought that both
lungs formed from a single anlage; however, we
now know that each of the two lungs is formed
by an independent anlage (14,15). The two lung
buds first appear at day 26 p.c. (postcoitum, days
after conception)/5 weeks PMA (postmenstrual
age), having emerged from the ventral wall of
the primitive foregut endoderm at approximately
3 weeks p.c./5 weeks PMA (Figure 7-2). The lung
buds then grow into the surrounding mesoderm
just anterior and parallel to the initial formation
of the esophagus. On week 4 p.c./6 weeks PMA,
when the embryo is still only a few millimeters
long, the trachea (formed from the fusion of the
lung buds) and larynx from just above the lung
anlage. Between days 33 and 41 p.c. (week 7
PMA) the second bifurcation occurs, forming

Figure 7-2. Early human lung development. At day 26 postcoitum (p.c.) the anlage of the two lungs forms on both sides lateral
of the anlage of the trachea by outpouchings of the foregut (A) (15). The prospective trachea forms by a distal-to-proximal segregation
from the foregut. At day 32 the lung anlage gives rise to the future main bronchi (B). The lobar bronchi are formed due to continued
branching at day 37 (C). Later at day 41 the segmental bronchi are following (D). After the formation of the pleura, organogenesis is
completed (D). U, upper lobe; m, middle lobe; l, lower lobe (from Schittny entwicklung - von der anlage zur adulten lunge).
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what will eventually be the lobes (two left and
three right) of each of the lungs. A third round of
branching occurs at week 8 PMA (41–44 days
p.c.), with approximately 8–9 and 10 segmental
branches on the left and right respectively, which
establishes the bronchopulmonary segments of
the mature lung.

Significant proliferation of mesenchymal and
epithelial cells occurs during this stage, with
apoptosis near branch points and in the areas of
new formation. The mesenchyme will later differ-
entiate into progenitor cells, which will give rise to
blood vessels, smooth muscle, cartilage, lympha-
tics, and connective tissue. At the embryonic
stage, the epithelial cells are simple and undiffer-
entiated, forming a pseudostratified columnar
epithelium. The mesenchyme remains loosely
constructed to allow mass flow of proteins neces-
sary for development. The basement membrane,
however, is intact and patent, which is an import-
ant control mechanism. Although the primitive
trachea and esophagus are completely separated,
each lack cartilage, smooth muscle, and nerves. By
the end of this stage, the primitive vasculature has
been established with pulmonary arteries branch-
ing from the embryonic sixth aortic arch and
veins emerging from the left atrium of the
developing heart.

Clinical Aspects of the Embryonic Stage
Perhaps unsurprisingly, abnormalities in this
stage of lung development are critical in postnatal
mortality and morbidity of the fetus and are often
related to lung bud development, trachea/esopha-
gus separation, proximal airway, and initial lobe
formation. Some structural abnormalities such as
pulmonary valve stenosis, pulmonary agenesis, or
aplasia generally are considered nonsurvivable,
whereas others may cause significant pulmonary
morbidity. Tracheoesophageal fistula, which
encompasses a variety of permutations of abnor-
mal connections between the trachea and esopha-
gus, is a common congenital abnormality
associated with this stage of lung development,
often accompanied by esophageal atresia, a defect
whereby the upper and lower segments of the
esophagus do not connect. Postsurgical survival
in full-term infants is high, but in low-birth-
weight infants, tracheoesophageal fistula is often
accompanied by other congenital malformations
and a concomitantly higher risk for poor
outcomes (16).

Pseudoglandular Stage (Weeks 5–17p.c.,
7–19 Weeks PMA)
By week 6 p.c./week 8 PMA of development, the
growing lungs can be distinguished as two separate
organs, assuming a glandular appearance consist-
ing of multiple, branching epithelial tubules sur-
rounded by extensive regions of mesenchyme.
Early in this stage of lung development, cellular
proliferation increases, accelerating airway and
vascular branching. By week 17 p.c./week 19
PMA), the conducting airways including the ter-
minal bronchioles are formed – the upper lobes
having 12–17 airway branching generations,
18–23 generations in the middle lobes, and 14–23
generations in the lower lobes.

At the beginning of the pseudoglandular stage,
the respiratory bronchioles are lined with pseu-
dostratified columnar epithelium, supported by a
basement membrane scaffold with adjacent
mesenchyme, all surrounded by an extracellular
matrix rich in the macromolecules needed for
cellular differentiation, migration, adhesion, and
proliferation (Figure 7–3A, D). The respiratory
epithelium differentiates, forming tall columnar
epithelial cells in the proximal airways and
cuboidal epithelium in the distal acinar tubules.
Further differentiation forms ciliated and mucous
cells in the trachea and proximal airways. Sup-
portive cartilage appears in the trachea by week 10
p.c. The mesenchymal cells differentiate, forming
myofibroblasts by week 7 PMA, thus laying the
foundation for the developing smooth muscle
layer to form around the tubules. By the end of
the pseudoglandular stage (week 17 p.c.), cartilage
extends to the segmental bronchi and smooth
muscle extends to the alveolar ducts.

Cell growth and differentiation drive the
development of the pulmonary arteries and veins,
and by the end of this stage, all pre-acinar vascu-
lature is formed from endothelial tubes. In the
distal branches of the terminal bronchioles, acinar
tubules and buds establishing the primitive acinus
are also formed by the end of the pseudoglandular
stage (17).

Clinical Aspects of the Pseudoglandular Stage
In this stage, spontaneous, peristaltic contractions
of the airway smooth muscle are observed. There
is firm evidence to support that a maintained
pressure differential between the airway lumen
and surrounding tissue is essential for normal
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lung development. It is postulated that these con-
tractions contribute to fetal lung development by
mechanoreceptor-mediated growth factor pro-
duction (18) and also function to prevent uncon-
trolled distension of the airways as lung fluid is
secreted into the lumen (18).

It is also in this stage (around 10 weeks p.c.)
that fetal breathing movements can be discerned
(19). Recent in vitro studies have investigated the
signaling pathways linking fetal breathing move-
ments and lung development. These movements
stretch and move fluid into and out of the lungs.
Mechanical stretch upregulates the release of sero-
tonin via mechanosensitive channels (20), which
promotes differentiation of epithelial cells. Stretch
also increases epithelial cell proliferation (21) and
stimulates secretion of lung surfactant lipids from
type II epithelial cells (22).

Developmental abnormalities during the pseu-
doglandular stage are generally related to airway
and vascular branching and growth. Abnormal
branching can result in pulmonary hypoplasia or
sequestration. Absence or abnormal weakening of
supportive cartilage is associated with tracheo- or
bronchomalacia, which, respectively, can cause
trachea or airway collapse during respiration.
Importantly, during this stage of development,
the pleuroperitoneal membrane closes. Failure of
the membrane to close completely often results in
the herniation of the developing abdominal
organs into the chest cavity. This congenital dia-
phragmatic hernia (CDH) often leads to pulmon-
ary hypoplasia and pulmonary hypertension, and
although the underlying cause of CDH remains
unknown, there is evidence to implicate genetic
mutations to the transcriptional and growth
factors related to lung development (23).

Canalicular Stage (Weeks 16–26 p.c.,
18–27 Weeks PMA)
The canalicular stage is characterized by the dif-
ferentiation of the epithelial cells, angiogenesis of
the parenchymal capillary network, and the first
formation of the air–blood barrier. Some of the
most distal generations of airways (future alveolar
ducts) still remain to be formed at this stage (17).

“Canalization” of the Lung Parenchyma.
Before the first air–blood barriers can be formed
the mesenchymal capillaries must be proximal to
the epithelial cell lining of the future airways. Two
steps are necessary for this process: (1) During the

pseudoglandular stage the mesenchymal capillaries
form a loose three-dimensional network. A high
density of capillaries is achieved by an enhanced
angiogenesis (Figure 7-3 A!B). The respiratory
airways (airways distal of the purely conducting
airways) start to grow in length and width; their
shape changes, and they are also called “canaliculi.”
This canalization of the respiratory airways and
capillaries contributes to the nomenclature for this
stage. (2) Due to increasing volume of the future
airways, the mesenchyme condenses; as a result the
epithelium of the future airways comes into close
contact with the mesenchymal capillary network
(Figure 7-3 A!B). Programmed cell death (apop-
tosis) occurs during condensation of the mesenchy-
mal tissue. The involvement of apoptosis is
consistent with a reduction of mesenchymal cells
during this stage.

Epithelial Differentiation – Formation of the Air–
Blood Barrier
During the canalicular stage, the differentiation of
the parenchymal epithelium becomes morpho-
logically visible, even if the cell fate is decided much
earlier (15). The cuboidal glycogen-rich epithelium
of the future gas-exchange region differentiates into
the type I and type II alveolar epithelial cell (Figure
7-3 E!F). Type II alveolar epithelial cells are the
progenitors of type I epithelial cells (24). Therefore,
it is not surprising that the future alveolar epithelial
cells contain few, small, lamellated bodies before a
differentiation into type I and type II cell becomes
morphologically visible (25).

The type I cells spread out and form thin sheet-
like extensions covering most of the inner surface
of the future gas-exchange region (Figure 7-4). At
locations where the type I alveolar epithelial cells
make close contact with the endothelium of the
capillaries, an air–blood barrier forms (Figs. 7-3 b,
e!f; 7-4 a). The tissue of the air–blood barrier is
reduced to a sheet-like extension of the type
I epithelial cell and the thin part of the endothelial
cell. Both cell types are separated by their basement
membranes, which are fused to one common base-
ment membrane possessing one central lamina
densa and two lamina lucida facing the epithelial
or endothelial cells, respectively (Figures 7-3F, 7-
4A, B). Currently, it is poorly understood how the
air-blood barrier forms; it is likely that mesoder-
mally derived endothelium interacts with endoder-
mally derived epithelium (26). This hypothesis is
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supported by a phenotype of a transgenic mouse,
where the sequence coding for the nitrogen-
binding site of laminin (γ1III4, within the lami-
nin-γ1-chain) was selectively deleted. The base-
ment membranes of the air–blood barrier were
disrupted or missing in large part in these mice.
Due to a failure of pulmonary gas exchange the
mice died at birth (27).

During the canalicular stage, type II epithelial
cells start to produce surfactant, which is morpho-
logically visible by the first accumulation of lamel-
lar bodies. In most species surfactant appears late
in gestation (at about 80–90% of the total duration
of gestational period). In humans small amounts
of surfactant are already present at weeks 22–24 p.
c./weeks 24–26 PMA (60% gestation) (28), which
facilitate survival of very prematurely born babies.
Before the lung fullymatures, surfactant appears to
be more abundant in apical than in basal lung
regions (29). This observation may explain clinical
findings that in some prematurely born babies,
hyaline membrane disease is more pronounced in
basal than in apical lung regions.

An acinus is a small tree of gas-exchanging
airways, which is fed by the most distal purely

conducting airways. Boyden (30) observed the birth
of the acinus during the canalicular stage; however,
the airways are already formed during the pseudo-
glandular stage (17). Due to the aforementioned
differentiation of the epithelia, a distinction of con-
ducting and gas-exchanging airways becomes feas-
ible during the canalicular stage, and therefore the
acini may now be recognized.

Clinical Aspects of the Canalicular Stage
The canalicular stage may be the most critical stage
for very immature, prematurely born infants. After
the formation of the first air–blood barrier and the
start of a minimal production of surfactant, some
pulmonary gas exchange becomes possible. At the
end of the canalicular stage, survival is feasible –
but only with the specialized support of a neonatal
intensive care unit. Survival itself is strongly
dependent on the amount of functional gas-
exchange surface area, which is determined by the
amount of formed air–blood barrier and by the
amount of available surfactant. Even if the surface
area of the air–blood barrier is sufficient, only
limited areas of the lung will be inflated if surfac-
tant is not available in adequate amounts.

Figure 7-3. Morphological
development of the lung
parenchyma during the
pseudoglandular, canalicular, and
saccular stages. The epithelial tubules
branch constantly during the
pseudoglandular stage and penetrate
into the surrounding mesenchyme
(open arrow, branching point, (A). The
mesenchyme contains a loose capillary
network (A). The epithelium itself is tall
and columnar (D). The canalicular stage
(B) is characterized (1) by a differentiation
of the tall columnar epithelial cells into
prospective lining and secretory cells
(type I and type II epithelial cells,E andF),
(2) by a widening of the future airways
(B), (3) by a multiplication of the
capillaries and their first close contacts to
the epithelium (B), and (4) by the
formation of first air–blood barriers
(E!F). Throughout the saccular stage
(C) the mesenchyme further condenses,
resulting in the formation of the thick
immature inter-airspace septa, which
contain a double-layered capillary
network – one layer on either side of the
septum. The widened terminal ends of
the bronchial tree are recognized as
saccules (asterisks). (a–c, modified from
Caduff and coworkers Anat. Rec.
1986;216:154–164); d–e from Burri and
Weibel Ultrastructure and
morphometry of the developing lung.
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Alveolar capillary dysplasia (ACD, also con-
genital alveolar dysplasia) is a very rare congenital
disease that is a malformation or absence of the
pulmonary blood vessels, in particular of the
alveolar capillaries. In principle, the blood vessels
develop in parallel to the airways, and therefore,
the etiology of ACD is already present at the
pseudoglandular stage. The malformation
becomes more pronounced in the canalicular
stage because the surface area of the air–blood
barrier is greatly reduced, concomitant with a
greatly reduced capillary mesenchymal network.
In addition to a reduction of pulmonary gas-
exchange capacity, ACD causes persistent
pulmonary hypertension.

Saccular Stage (Weeks 24–38 p.c., 26–40
Weeks PMA)
The saccular stage represents an intermediate
stage between completion of branching morpho-
genesis and the start of the alveolarization. While
the most distal generations of airways have likely
been already laid down by the end of the canali-
cular stage, the addition of a very few terminal
airways may still occur during the beginning of
the saccular stage in some species (31). The name
“saccular stage” describes the typical appearance
of peripheral airway clusters forming widened
airspaces called saccules or terminal sacs.

Expansion of the Gas-Exchange Area
Airspace generations distal to the terminal bron-
chioles are widening and lengthening during this
stage and are forming the required space for sub-
sequent alveolarization. At the terminal end of the
bronchial tree, sacculi form (Figure 7.3D, F);
these sacculi are smooth walled, separated by
septa, and covered with type I and II pneumo-
cytes. The primary septum contains two networks
of capillaries for the adjacent sacculi, as well as
some elastic and collagen fibers. At this stage, the
interstitial space is still cell-rich and has an
important regulatory and developmental role for
the epithelium above (32). By term birth, all gen-
erations of the conducting and respiratory
branches have been generated. The sacculi are
thin, smooth-walled sacks and correspond to the
later alveolar sacculi. At the end of this phase, the
interstitial fibroblasts begin with the production
of extracellular material in the interductal and
intersaccular space.

Time of Birth. The maturity of the lung at
birth of different species correlates with the
physical activity of the newborns (Table 7-1). If
high activity is required at birth, the lungs are
near fully matured and capable of high amounts
of gas exchange. For example, in precocial
animals like sheep (33) and guinea pigs (34),
alveolarization starts well before birth, and at
term, their lungs appear nearly mature. Alveolar-
ization of altricial species, such as rats (35), mice
(36), and humans (37), starts only shortly before
birth (humans) or after birth (mice and rats). At
the extreme end of this range, one of the most
immature lungs at birth is the lung of the mar-
supial quokka wallaby (Setonix brachyurus),
which is born in the canalicular stage (38).

Figure 7-4. Formation of the air–blood barrier. During the
early canalicular stage (A, rat lung) the epithelium of the
terminal airways is still cuboidal and glycogen-rich (closed
arrow head). Already a bit more proximal, the epithelium
begins to flatten out (open arrow head) and to form the first
thin air–blood barriers. During the latter process capillaries,
which are located inside the mesenchyme (closed arrow),
"move" toward the epithelium (open arrow). In human lung (B,
postnatal day 26) remnants of the cuboidal epithelium (closed
arrow head) are still present at the uttermost periphery of the
gas-exchange region – even if alveolarization started already
(B). This demonstrates the large overlap between different
phases of lung development, especially if peripheral and central
parts are compared. In addition, it illustrates the central-to-
peripheral progression of lung development. Light
microscopical images, bar, 50 μm.
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Table 7-1. Stages of lung development and their time scale. Because the stages are defined mainly by
morphological criteria, their beginning and end do not represent sharp borders. In addition, stages may overlap (in
particular the alveolar stages and the stage of microvascular maturation), and regional differences are also
common – especially between central and peripheral regions. Nutrition and litter size influence the exact timing of
development (28, 47, 69–72). Monkey, Rhesus monkey; E = embryonic day (days postcoitum); n.d., not
determined; P, postnatal day; * weeks postcoitum; ** unpublished observation of JCS (based on Schittny and Burri
2008 (14)).

Period Stage Duration Characteristics

Embryonic Embryonic Rabbit: n.d.–E18
Sheep: E17–E30
Mouse: E9.5–E12
Rat: E11–E13
Monkey n.d.–E55
Human: E26–E49
(4–7 weeks*)

Start of organogenesis;
formation of major airways

Fetal Pseudoglandular Rabbit: E18–E24
Sheep: E30–E85
Mouse: E12–E16.5
Rat: E13–E18.5
Monkey E55–E85
Human: E35–E119
(5–17 weeks*)

Formation of bronchial tree
and large parts of
prospective respiratory
parenchyma; birth of the
acinus

Canalicular Rabbit: E23–E27
Sheep: E80–E120
Mouse: E16.5–E17.5
Rat: E18.5–E20
Monkey E75–E115
Human: E112–E182
(16–26 weeks*)

Completion of branching
morphogenesis = formation
of last generations of
airways; epithelial
differentiation; first air–
blood barrier; appearance of
surfactant

Saccular or terminal sac Rabbit: E27–E30
Sheep: E110–E140
Mouse: E17.5–P4
Rat: E21–P4
Monkey E105–term
Human: E168–E266
(24–38 weeks*)

Expansion of (future)
airspaces

Postnatal Alveolarization, first phase/
classical alveolarization

Rabbit: E30–term (E31)
Sheep: E120–term (E145)

Alveolarization by formation
of secondary septa
(septation); alveolar septa
are still immature; they are
containing a double-layered
capillary network

Mouse: P4–P21
Rat: P4–P21
Monkey E125–< P180**
Human: E252 (36 weeks*
preterm)–3 years

Alveolarization, second
phase/continued
alveolarization

Rabbit: term (E31)–n.d.
Sheep: term (E145)–n.d.
Mouse: P14–
young adulthood (~P36)
Rat: P14–young adulthood (~P60)
Monkey < P180**–young
adulthood (7–8 years)
Human: 2 years–young
adulthood (17–21 years)

Alveolarization by formation
of secondary septa
(septation), but now lifting
off mature alveolar septa
containing a single-layered
capillary network.
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Regardless of how mature the lung may be at
term, alveolarization continues at least as long as
the lungs are growing – until young adulthood in
most species (14).

Clinical Aspects of the Saccular Stage
At this stage, imbalances in the pressure differen-
tial between intraluminal airway and extralum-
inal spaces can have lasting detrimental effects on
lung development. Fetuses exposed to oligohy-
dramnios have an 80% higher risk of respiratory
failure than their unexposed counterparts (39).
Oligohydramnios is associated with pulmonary
hypoplasia and is often part of a pleiotropic
manifestation of autosomal recessive polycystic
kidney disease (40).

BPD (bronchopulmonary dysplasia, a chronic
lung disease of infancy) is the most common cause
of pulmonary morbidity in premature infants and
is associated with long-termmorbidities (41). BPD
is a complication of respiratory distress syndrome
of premature birth and is most often seen in very
low- or extremely low- birth-weight infants who
required ventilation, antenatal steroids, and sur-
factant therapy for survival. Infants with BPD typ-
ically have fewer, larger alveoli (and therefore
decreased gas-exchange surface area) and insuffi-
cient vascularization to the alveoli (and therefore
less-efficient gas exchange) than their term coun-
terparts. A number of factors can contribute to
BPD, including maternal drug use or smoking,
extent of prematurity, sepsis, and overly aggressive
ventilation. Recent studies postulate a role for stem
cell depletion in the etiology of BPD, and stem cell
therapy has proven beneficial in experimental
models (42). Children who were preterm have a
significant airflow limitation during the first years
of life, and their lung function can deteriorate in
their first year (43).

Alveolarization (Week 36–Young
Adulthood)
The classical model of alveolarization comprises
a phase of classical (bulk) alveolarization
(Figure 7-5) followed by the phase of microvas-
cular maturation (maturation of the alveolar
septa, Figure 7-6) (35). It was previously postu-
lated (35) that the formation of new alveoli ceased
after the maturation of the alveolar septa.
Recently, this model was modified to include a
phase of continued alveolarization because it was
recognized that new alveoli are forming at least
until young adulthood (14). However, the rate of
increase in the number of alveoli is lower during
continued alveolarization than during classical
alveolarization. This biphasic behavior of alveo-
larization has been observed in humans, rats, and
mice (44).

Classical Alveolarization (Week 36–3 or More Years)
Alveoli begin to from at around 36 weeks, and by
birth there are up to 50 million alveoli (45), while
in the adult human lung, there are over 300 mil-
lion alveoli. Taken together, this requires that the
majority of alveolarization takes place postnatally
(46). Independent of the species and the stage of
lung development at birth, the switch from
classical to continued alveolarization occurs sim-
ultaneously with microvascular maturation.
Therefore, the animal data are a good representa-
tion for the understanding of human lung devel-
opment (31). Immature sacculi (with a double
capillary layer as described earlier) mature by
secondary alveolarization (Figure 7-7). A septal
layer forms from the primary sacculi, concomi-
tant with microvascularization and apoptosis in
the interstitial layer (Figures 7-7 and 7–8), to form
mature alveoli with one capillary layer and a thin

Table 7-1. (cont.)

Period Stage Duration Characteristics

Microvascular maturation Rabbit: n.d.
Sheep: n.d.
Mouse: P14–P21
Rat: P14–P21
Monkey n.d.–< P180**
Human: 0–3 years

Remodeling and
maturation of interalveolar
septa and of the capillary
bed (the double-layered
capillary network is
transformed to a single-
layered network).
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Figure 7-6. Schematic drawing of classical
alveolarization. A wall of a saccule represents a primary
septum. It contains a double-layered capillary network, where
every layer of the capillary layer appears as a perforated sheet.
At sites where new septa (or secondary septa) will be formed
(blue arrows, A) smooth muscle cell precursors, elastic fibers
and collagen fibrils (green spots) accumulate. Secondary septa
are formed by upfolding (blue arrows) of one of the two
capillary layers (red, B). As a result, newly formed secondary
septa (gray arrows) subdivide preexisting airspaces, and new
alveoli are born (C). At this stage, all septa are immature,
showing two capillary layers (= primitive septa). During the
phase of microvascular maturation the double-layered capillary
network fuses to a single-layered capillary network. The
resulting mature septa are optimized for highly efficient gas
exchange and a low need of material to build them.

Figure 7-5. Visualization of Alveolarization. 3-D
visualizations of terminal airspaces throughout alveolarization of
the rat lung. At postnatal day 4 (A) large sacculi are formed by
branching morphogenesis. Between days 6 and 36 (A–E), many
low-rising septa are observed, which are viewed as newly
forming septa (arrows). While between days 4 and 21 (A–D),
the size of the terminal airspaces decreases, an increase of
the airspaces was observed between days 21 and 60 (E and
F). Rat lungs were imaged by synchrotron radiation-based
X-ray tomographic microscopy after a classical embedding for
electron microscopy. Bar, 50 μm at the surface of the sample only
because the image represents a perspective view. From
Schittny, Mund Am. J. Respir. Crit. Care Med. 2008;177:A317;
Schittny entwicklung – von der anlage zur adulten lunge.

Caption for Figure 7-6. (cont.) Comparison between
classical and late alveolarization. During classic
alveolarization new septa are lifted off immature septa containing
a double-layered capillary network (red, A–C) consisting of two
sheets of capillaries. In this process one layer (sheet) folds up, while
the opposing layer stays constant. During the phase of
microvascular maturation the double-capillary network fuses to a
single-layered sheet-like capillary network. Now, following the
mechanism of late alveolarization, new alveolar septa are still
formed by an upfolding of the capillary layer (red, D–F), even if the
alveolar surface opposing the upfolding is now missing its
capillaries (D). This gap is immediately closed by angiogenesis
(yellow arrow in E and F). In bothmodes of alveolarization, a sheet-
like capillary layer folds up (B and E) to form a double-layered
capillary network inside the newly formed septum (C and F).
Regardless how and when a new septum is formed, it will mature
shortly after by a fusion of the double-layered capillary network
Schittny, Mund. Am. J. Respir. Crit. Care Med. 2008;177:A317

.
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blood–gas interface (47). Elastin fibers also play
an important role in the shaping of the alveoli. At
sites where myofibroblasts, elastic fibers, and col-
lagen fibrils are accumulating, new septa are lifted
off preexisting ones. These new septa start as a
shallow upfolding in a preexisting airspace and
rise to mature height during alveolarization (Fig-
ures 7-5 to 7-7). This process takes place in the
terminal ends of the airways (sacculi) as well as in
the alveolar ducts.

Microvascular Maturation (0 Years–3 Years)
Concomitant with classical alveolarization and
apoptosis of interstitial cells, the capillary layer
surrounding the alveoli develop from a double
layer to a single layer, which facilitates efficient
and maximal gas exchange. Capillaries fuse to
form a single lumen, and there is enhancement
of mature area growth along with suppression of
immature tissue profile growth (Figure 7–8) (47).
These adaptations appear to be regulated by many
complex interacting signaling processes, which
have, so far, largely been identified by gene
expression array profiles (48).

Continued Alveolarization (2 Years–Young
Adulthood)
The questions of how much continued alveolar-
ization and to what age alveolarization continues
are still not well understood. The concept of clas-
sical and continued alveolarization predicts that a
remodeling and repair of the lung parenchyma is
in principle possible at any age. Experimental
models support this hypothesis. (1) In small
laboratory animals starvation causes a reduction
of the number of alveoli. After refeeding alveolar
numbers increased to normal (49, 50). This result
is consistent with nutritional emphysema in
humans (51). (2)While a treatment with glucocor-
ticoids during classical alveolarization causes a

Figure 7-8. Maturation of the alveolar septa/
microvascular maturation. In immature septa each alveolar
surface is served by its own sheet like capillary layer. The two
capillary layers are separated by a central sheet of interstitial
tissue. (A) Human lung, postnatal day 26, electron micrography;
schematic drawing: red, capillaries; green, interstitial tissue;
black, alveolar epithelial cell type I; blue, alveolar epithelial cell
type II. Upon maturation the connective tissue layer (green)
condenses and thins out so that the two capillary layers merge.
In the resulting septum, the connective tissue skeleton of the
alveolar septum is interwoven with a now single-layered
capillary network. (B) Adult human, lung electron micrograph;
with similar, schematic drawing). Scanning electron
microscopic images of vascular cast (Mercox®) of rat lungs
show a double-layered capillary network in immature septa at
day 4 (C, open arrowhead) and a single-layered capillary
network in mature alveolar septa at day 44 (D, arrow). Bar, 25
μm. From Schittny entwicklung - von der anlage zur adulten
lunge.

Figure 7-7. Late alveolarization. Vascular Mercox® casts of
21-day-old rat lungs are visualized in 3-D after imaging using
synchrotron radiation-based X-ray tomographic microscopy.
The images show the lumen of the capillaries, which is identical
to the inner surface of the capillaries. An upfolding of a single-
layered capillary network (blue dashed lines in A) was observed
inside the cavity of alveoli. These kinds of upfoldings are
indicative for the formation of new septa. The 3-D visualization
permitted a look at the backside of the same septum (B). At the
site of the folding, a local duplication of the existing capillary
network was detected (covering of the blue dashed line in B).
Although in this example half of the duplication is already
formed (arrowhead), the second half is most likely just forming
by sprouting angiogenesis (arrow in B). In addition, (forming)
tissue posts inside the capillary network (holes in the vascular
cast, green asterisk) are indicative for intussusceptive
angiogenesis (67). The growth of the capillary network is
necessary to allow the upfolding. The yellow dotted lines label
the entrances of the alveoli. Bar, 10 μm (the magnification
varies inside the image due to the foreshortened view). From
Schittny, Mund ,Stampanoni. Am. J. Physiol Lung Cell Mol.
Physiol. 2008;294(2):L246–L254.
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reduction of alveolarization (52), this phenotype
can be rescued by a treatment with retinoic acid
during continued alveolarization (53). These treat-
ments appear to act multifunctionally, for
example, a neonatal dexamethasone treatment
alters peaks of cell proliferation and cell death
(54), as well as the expression of cyclin-dependent
kinase inhibitors p21 and p27 (55) and of the
extracellular matrix proteins tenascin-C and
elastin (56).

Unfortunately, such treatment of early pre-
mature babies can injure the pulmonary struc-
tures and may also induce BPD. High oxygen,
mechanical ventilation, antenatal corticoster-
oids, and surfactant replacement on one hand
are necessary for the survival. On the other
hand, these treatments affect the lung in the
middle of its development (canalicular to saccu-
lar stage). At this time point only the founda-
tion for future alveolarization is present, and as
a result the further development of the conduct-
ing and the gas-exchanging airways may be
altered (57). BPD-induced alteration of the con-
ducting airways, however, may be as important
a phenomenon as the alteration of the lung
parenchyma, as chronic airflow obstruction
can persist into adulthood (57).

The recent finding that alveolarization con-
tinues at least until young adulthood shows not
only the potential of a therapy of structural lung
disease in newborn or adults (see earlier), but also
the risk that drugs that alter lung development
may cause unwanted side effects. For example,
treatment of asthma with glucocorticoids or of
severe acne with retinoids may alter lung struc-
ture in juveniles. Recently it was shown by 3He
diffusion magnetic resonance imaging (MRI) in
humans that at least the alveolar structures may
be rescued back to normal (58). These methods
use inhaled hyperpolarized 3He gas to provide
imaging contrast via MRI and are very sensitive
to acinar-airspace dimensions and alveolar
number (59,60).

Clinical Aspects of Continued Alveolarization

The mature human lung contains all the mater-
ials and genetic instructions necessary to form
new alveoli. Slow, peripheral septation has been
observed in children and cannot be excluded in
adults. Supporting this hypothesis are the

accounts of remarkable lung function recovery
after tissue resection (61) and late recovery of
lungs thought to be permanently impaired by
BPD (41). There is additional evidence to sup-
port continued alveolarization from 3He gas
diffusion MRI. Compensatory lung growth has
been observed in adult humans and rodents,
suggesting that there remains some potential
for neoalveolarization in adulthood (62, 63)
Human studies of 3He gas diffusion MRI in
healthy pediatric volunteers suggest that both
alveolar enlargement and continued neoalveo-
larization are part of normal aging (64,65).

Conclusion
Although recent studies, particularly those using
proteomic and gene array methodologies, have
shed new light on many aspects of physiological
and pathological lung development, it is clear that
we still require additional knowledge on precise
structure–function relationships throughout lung
development and control mechanisms involved in
human lung formation. Neoalveolarization, for
example, seems to occur well into childhood,
but we do not understand precisely at what age
this slows or stops and whether adult neoalveo-
larization arises from the same control mechan-
isms. Noninvasive imaging methods, combined
with sensitive proteomics, are likely to help com-
plete our understanding of lung structural devel-
opment in the future. Although X-ray methods
will continue to be an extraordinary resource for
ex vivo and animal studies, the future of in vivo
methods is likely to include more MRI and non-
invasive or less-ionizing methods for quantifica-
tion of alveolar structure and maturation.
Hyperpolarized-gas MRI, for example, allow
quantification of alveolar size/structure and
regional gas exchange properties and are likely
to provide new information on alveolarization
and vascularization throughout childhood. Low-
dose X-ray computed tomography and ultra-
short echo time (UTE) MRI will contribute to
our understanding of regional structure and
function in both the clinic and research. Com-
bined with new proteomic methods that can
quantify small changes in metabolic pathways
over time, we are poised to make significant
translational progress in facilitating alveolariza-
tion and vascularization in the coming decades.
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Chapter

8
Surfactant During Lung Development
Timothy E.Weaver, LawrenceM. Nogee, and Alan H. Jobe

Abstract
Surfactant is a unique lipid and protein substance made by type II cells in the lung that
provides inflation stability, decreases the work of breathing, and has components with
innate host defense properties. Surfactant is normally synthesized and secreted into the
airspaces of the fetal lung as term approaches, but it can be induced earlier in gestation by
fetal exposures to corticosteroids or inflammation. The surfactant deficiency associated
with preterm birth can cause severe respiratory failure termed respiratory distress syn-
drome (RDS), a frequently lethal disease before the availability of clinical surfactants to
treat infants. Surfactant components each have complex metabolic characteristics in the
premature and mature lung. Term infants can have severe surfactant dysfunction because
of rare mutations that disrupt surfactant protein synthesis or processing. The research
resulting in the understanding of surfactant metabolism and function and subsequent
treatment of RDS is a highlight of progress from science to cure strategies in pulmonary
medicine.

Keywords:
Surfactant lipids, surfactant proteins, pressure-volume curve, oxygenation, respiratory
distress syndrome, antenatal corticosteroids, induced lung maturation, surfactant protein-
B deficiency, ABCA3 deficiency

An obligate requirement for the survival of
the air breathing newborn is the development
and maturation of the gas exchange potential
of the lungs. Lung structural development pro-
vides the matrix on which a unique substance –
pulmonary surfactant – can stabilize a very large
surface area of epithelium juxtaposed to an
extensive capillary bed to permit gas exchange.
The essential properties of surfactant are its
biophysical characteristics to form a stable sur-
face film with the capacity to dynamically regu-
late surface tensions of the air–fluid interface
to very low values. The fetal lung develops
the cellular machinery from midgestation to
ensure adequate surfactant function at term.
This Chapter is the story of the cell biology that
supports the synthesis, storage, and secretion of
surfactant; its function; and genetic abnormal-
ities that disrupt surfactant metabolism. The
focus is on normal development during late ges-
tation, the normal transition to air breathing,
and abnormalities that disrupt surfactant func-
tion in the newborn period. The discussion
includes quite old information about surfactant
and recent cell biology and genetics that reveal
the complexities of how surfactant function is
maintained in the airspaces.

A Brief History
Abrief history of the discovery of surfactant and its
importance to lung development documents the
remarkable progress in the field since Pattle and
Clements independently reported a substance that
lowered surface tensions of an air–water interface
in edema fluid and lung extracts (1). Avery and
Mead (2) in 1959 demonstrated that premature
infants who died of respiratory distress syndrome
(RDS) had less surfactant in saline extracts of their
lungs than infants who died of other causes. Sub-
sequently, measurements of surfactant compon-
ents that were secreted from the fetal lung into
amniotic fluid were developed into clinical tests
for fetal lung maturation. Examples were measur-
ing biophysical properties of surfactant in amni-
otic fluid (3) with the shake test and biochemical
measurements of the lecithin to sphingomyelin
ratio (4), and percent phosphatidylglycerol in
amniotic fluid in 1976 (5). Concurrently, Liggins
and Howie (6) reported in 1972 that maternal
treatments with corticosteroids matured the fetal
lung and decreased RDS and death in preterm
infants, primarily by increasing surfactant in the
fetal lung. Continuous positive airway pressure
(CPAP) was the first effective therapy for RDS that
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stabilized surfactant function by helping the infant
to recruit and maintain a functional residual cap-
acity (7). Despite a lack of understanding of the
importance of surfactant proteins to surfactant
function, Enhorning and Robertson (8) in the
1970s demonstrated in animal models that surfac-
tant treatments given via the trachea could strik-
ingly improve the lung function of preterm
animals. The successful treatment of infants with
surfactant was first reported in 1980 by Fujiwara
and colleagues (9). Simultaneously, numerous
research groups were describing the developmen-
tal biology of surfactant and established the-
essential contributions of the surfactant-specific
proteins to this remarkable substance (10). Surfac-
tant treatments were approved by the FDA for the
treatment of RDS in 1990 and are now standard of
care. Surfactant treatment, together with improve-
ments in the general care of the preterm infant, is
the major success story in neonatology. Today
infants that are not otherwise compromised should
no longer die of RDS. The biology behind this
clinical success is surprisingly complex.

Surfactant Lipids
Surfactants used for compositional analyses are
recovered from lungs by bronchoalveolar lavage,
and intracellular surfactant is isolated from sub-
cellular fractions. Surfactant from all mammalian
species is about 70% to 80% phospholipids, about
8% protein, and about 8% neutral lipids, primarily
cholesterol and triglyceride (Figure 8-1). About
50% of the phospholipid species are saturated
phosphatidylcholines, meaning that the fatty acids

esterified to 1 and 2 positions of the glycerol-
phosphocholine backbone are predominantly
16-carbon palmitic acids. Some of the saturated
phosphatidylcholine has 14-carbon myristic acid
in the 2 position. Most other phosphatidylcholine
species in surfactant have a fatty acid with one
double bond in the 2 position of the molecule.
Saturated phosphatidylcholine is the principal
surface-active lipid component of surfactant and
can be used as a relatively specific probe for
surfactant metabolism. The acidic phospholipid,
phosphatidylglycerol, is unique to surfactant and
is present in small amounts that vary between 4%
and 15% of the phospholipids in different species
(5). Surfactant phospholipids from the immature
fetus or newborn contain relatively large amounts
of phosphatidylinositol, which then decrease as
phosphatidylglycerol appears with fetal lung
maturity (Table 8-1).

Surfactant Proteins
Four proteins that are relatively specific for
surfactant are recovered with bronchoalveolar
lavage fluid. These proteins have been widely
referred to as Surfactant Protein-A (SP-A),
SP-B, SP-C, and SP-D. The human genes encod-
ing these proteins are SFTPA, SFTPB, SFTPC,
and SFTPD, respectively. Insights into the func-
tion of these proteins have come primarily from
gene-targeted mice and from in vitro assays of
surface properties. The four proteins associate
with surfactant lipids to different degrees: SP-A
and SP-D are primarily water-soluble collectins
(collagen-lectin proteins), whereas SP-B and
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Figure 8-1. Composition of
surfactant from bronchoalveolar
lavage. Representative values for
surfactant from adult mammalian
species. The primary surface active
components are the saturated
phosphatidylcholine and the
hydrophobic proteins SP-B and SP-C.
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SP-C are remarkably hydrophobic small pep-
tides that are exclusively associated with surfac-
tant phospholipids (11).

Surfactant Protein-A
SP-A monomer is a water-soluble 24-kDa protein
that is heavily glycosylated to yield a protein of
about 36 kDa. SP-A monomers contain a collage-
nous domain that assembles into a collagen-like
triple helix to form a trimer; six trimeric subunits
associate to form a multimeric protein with a
molecular mass of about 650 kDa (12)(Figure 8-2).

SP-A associates primarily with saturated phospha-
tidylcholine and is associated with tubular myelin, a
unique square lattice membrane structure that
may be involved in host defense. Surfactant
frommice that completely lack SP-A does not form
tubular myelin, but the mice have normal lung
function (13). The absence of SP-A in mice also
does not disrupt the secretion, clearance, or catab-
olism of surfactant lipids.

The major function of SP-A is as an innate
host defense protein and regulator of inflamma-
tion in the lung (14). SP-A binds to gram-positive
and gram-negative bacteria, viruses, and fungi
primarily through its carbohydrate recognition
domain (CRD). SP-A facilitates phagocytosis
of pathogens by macrophages and may directly
kill some microbes via membrane permeabiliza-
tion. SP-A can inhibit inflammation induced
by lipopolysaccharide (LPS), peptidoglycan, or
zymosan by binding to cell surface receptors
(e.g. CD14 and TLR2) for these pathogen-derived
molecules. Binding of SP-A to SIRPα also inhibits
pro-inflammatory signaling. SP-A can also evoke
a context-dependent pro-inflammatory response
by binding to rough LPS (via the CRD) and CD14
(via the neck region) or to calreticulin/CD91 on
the surface of macrophages via the collagen-like
domain. SP-A levels are low in surfactant from
preterm lungs and increase as the type II cell
numbers increase and mature. The fetal lung
increases expression of SP-A in response to

Table 8-1. Changes in surfactant composition and
function with lung maturation.

Surfactant
Components

Change

Saturated
Phosphatidylcholine

Increases in ratio of
saturated to total
phosphatidylcholine

Phosphatidylinositol Decreases

Phosphatidylglycerol Increases

Surfactant Proteins Increase

Surfactant Function

Ability to lower
surface tension

Improves

Sensitivity to
inactivation

Decreases

Figure 8-2. Surfactant Protein
Structures SP-A and SP-D are collectins
that each contain a collagen-like
domain (CLD) and a carbohydrate
recognition domain (CRD). The CLD
facilitates formation of an SP-A
octadecamer and an SP-D dodecamer.
The dashed line represents the signal
peptide, the black line is the NH2-
terminal domain, and the yellow line is
the neck region. SP-B and SP-C are
synthesized as proproteins that are
proteolytically processed to very
hydrophobic mature peptides that
associate with surfactant membranes:
Mature SP-B forms amphipathic helices
that associate with the surface of the
membrane, whereas mature SP-C
forms a metastable α helix that spans
the membrane bilayer. Black represents
the signal peptide, green is the NH2-
terminal propeptide domain, red is
the mature peptide, and blue is the
COOH-terminal peptide domain.
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corticosteroid or chorioamnionitis in animal
models (15).

SP-D
SP-D is a collectin that shares structure and innate
host defense functions with SP-A (12). The
43 kDa monomer also forms trimers through its
collagen-like domain. Twelve monomers associate
to form a multimeric protein composed of four
trimeric subunits. SP-D expression in the lung
is restricted primarily to type II epithelial and
Clara cells, but it is widely expressed by other
epithelial cells in the body. SP-D is present in
lower amounts in bronchoalveolar lavage than
SP-A and is primarily recovered in the water-
soluble fraction. As for SP-A, SP-D binds to
pathogen-associated molecular patterns (PAMPs)
through its CRD; facilitates uptake of bacteria,
viruses, and fungal pathogens by macrophages;
and may directly kill some pathogens by mem-
brane permeabilization (11). Although SP-D does
not appear to interact with intracellular surfactant
synthesis, storage and secretion pathways, it does
bind to phosphatidylinositol. Absence of SP-D in
mouse models is associated with altered surfac-
tant metabolism and a greatly increased alveolar
surfactant pool size. SP-D deficient mice also have
progressive emphysema related to increased oxi-
dant stress associated with altered macrophage
function (16). Addition of SP-D to surfactant
used to treat preterm sheep decreases ventilator-
mediated inflammation (17). SP-D expression is
increased by antenatal corticosteroids and by fetal
exposure to inflammation in animal models.
Exposure to both corticosteroids and inflamma-
tion further increases expression (15).

SP-B
SP-B is a hydrophobic peptide of 79 amino acids
that is cleaved from a precursor protein of approxi-
mately 40 kDa prior to association with surfactant
lipids in type II epithelial cells (18). Surfactant lipids
and proteins (SP-B and SP-C) are stored as concen-
tric bilayer membranes (lamellae) in specialized
secretory organelles (lamellar bodies) prior to secre-
tion into the alveolar airspaces. The ability of SP-B
to both lyse and fuse bilayer membranes is critical
for organization of surfactant membranes within
lamellar bodies and for transition of newly secreted
membranes to a surface active film at the alveolar
air–liquid interface. SP-B is absolutely essential for

lung function as knockout mice have normal lung
structure at birth, but cannot initiate air breathing
because of a lack of functional surfactant (19). In the
absence of SP-B, type II cells fail to form lamellar
bodies or process SP-C. Thus, SP-B is required for
both the synthesis and assembly of surfactant in
type II cells as well as for its function in the alveolar
compartment. SP-B comprises only about 2% of
surfactant, and when this amount is decreased in
adult mice, the animals develop lung injury and
respiratory failure (20). Production of large
amounts of appropriately folded active synthetic
SP-B peptide has not been achieved, but shorter
peptide mimetics have been developed for use in
synthetic surfactant preparations with some suc-
cess. As with the other surfactant components, SP-
B expression and amounts increase with advancing
gestational age and increase with antenatal cortico-
steroid or fetal exposure to inflammation (15).

SP-C
SP-C is the other hydrophobic protein in surfactant
that comprises up to 4% of surfactant. Organic
solvent extracts of surfactant recover both SP-B
and SP-Cwith lipids. Like SP-B, SP-C is synthesized
as a precursor protein that is processed to an
extremely hydrophobic 35 amino acid (4 kDa) pro-
tein that associates with lipids in lamellar bodies
(18). ThemRNA for SP-C appears in the epithelium
of the developing airways from early gestation.
With advancing lung maturation, SP-C expression
is restricted to type II epithelial cells. The amino
acid sequence and cellular localization of SP-C are
remarkably similar across mammalian species con-
sistent with an important, but poorly understood,
function. Although mice that lack SP-C have
normal lung structure and surfactant function at
birth (21), these animals develop strain-dependent,
progressive interstitial lung disease (ILD) and
emphysema as they age. Although not critical for
survival, SP-C contributes to surface film stability
by interacting with SP-B and lipids, thus contrib-
uting to the unique surface properties of surfactant.
SP-C expression increases in the fetal lung as type II
cell numbers and maturation increase.

Metabolism of Surfactant
Synthesis and Secretion
Type II cells and macrophages are the cell types
responsible for the major pathways involved in
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surfactant metabolism (Figure 8-3). The synthe-
sis and secretion of surfactant is a complex
sequence of biochemical synthetic events that
results in the release by exocytosis of lamellar
bodies to the alveolus (18). The basic pathways
for the synthesis of phospholipids are common
to all mammalian cells. Specific enzymes use
glucose, phosphate, and fatty acids as substrates
for phospholipid synthesis. Surfactant lipids
are synthesized primarily in the endoplasmic
reticulum (ER) and transported to lamellar
bodies, the storage organelle for surfactant. An
important component of the pathway involved in
the intraorganelle transfer of newly synthesized

surfactant lipids is ABCA3, a phospholipid
import protein located in the limiting membrane
of the lamellar body. The orientation of ABCA3
in the membrane and the absence of typical
lamellar bodies in ABCA3 null mice strongly
suggest that surfactant phospholipids are trans-
ported directly from the ER to the lamellar body,
via as yet unidentified lipid transfer proteins
located in the cytosol of type II cells. Candidate
phosphatidylcholine transfer proteins and other
potential lipid importers have been identified in
the lamellar body proteome, but the involvement
of these proteins in surfactant biosynthesis has
yet to be evaluated (22). In the adult lung,
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Figure 8-3. Surfactant metabolism biosynthesis of surfactant likely involves distinct pathways for surfactant proteins and lipids
(green arrows). Newly synthesized SP-B and SP-C are trafficked from the ER to lamellar bodies (LB) via the Golgi and multivesicular
body (MVB), whereas SP-A and SP-D are constitutively secreted by the type II epithelial cells (dashed green arrows). In contrast,
surfactant phospholipids are likely directly transported from the ER to specified lipid importers (ABCA3) in the lamellar body-limiting
membrane (solid green arrow). Surfactant proteins and lipids are assembled into bilayer membranes that are secreted into the
alveolar airspace, where they form a surface film at the air-liquid interface. Cyclical expansion and compression of the bioactive film
results in incorporation (green arrow) and loss (red arrows) of lipids/proteins from the multilayered surface film. Surfactant
components removed from the film are degraded in alveolar macrophages or are taken up by the type II epithelial cell for recycling
(dashed red arrow) or degradation in the lysosome (solid red arrow). The MVB plays a key role in the integration of surfactant
synthesis, recycling, and degradation pathways. Green arrows indicate biosynthetic pathways; red arrows indicate degradation and
recycling pathways.
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surfactant secretion is presumed to be regulated
by the microenvironment of the alveolus. Secre-
tion can be stimulated by beta-agonists, puriner-
gic agonists, or hyperventilation. In the fetus,
surfactant is released into fetal lung fluid in
increasing amounts as gestation advances. Sur-
factant is secreted into fetal lung fluid and is
carried out of the lung with fetal breathing and
subsequently swallowed or diluted in amniotic
fluid. Thus, amniotic fluid can be used to evalu-
ate the development of the surfactant system.

Alveolar Cycle of Surfactant
After exocytosis of lamellar bodies by type II cells,
surfactant proceeds through a series of form tran-
sitions that define its metabolic and functional
roles. The exocytosed lamellar bodies “unravel”
into the elegant “tubular myelin” structure with
SP-A at the corners of the lattice (Figure 8-3).
Tubular myelin requires at least SP-A, SP-B, and
the phospholipids for its unique structure. Tubu-
lar myelin and other loose, less-structured surfac-
tant lipoprotein membrane arrays are the pool
in the fluid hypophase that supplies surfactant
for the surface film within the alveolus and small
airways. Compression of this film squeezes out
unsaturated lipids and some protein components
of surfactant with concentration of saturated
phosphatidylcholine in the surface film. New sur-
factant enters the surface film from tubular
myelin and the loose lipid arrays, and “used”
surfactant leaves as small vesicles, which then are
cleared from the airspaces. The major differences
in composition between the surface-active surfac-
tant structures and the small vesicular forms are
that the small forms contain SP-D but little SP-A,
SP-B, or SP-C (23). The small vesicles of used
surfactant are much less surface active and seem
to be the major catabolic form of the lipids that
are taken up by type II cells and by alveolar
macrophages for recycling or catabolism.

Alveolar macrophages are the sentinel immune
cells of the lung. These cells are in the airspaces
directly in contact with the alveolar hypophase
and surfactant. Fetal monocytes seed the develop-
ing lung and undergo granulocyte-macrophage
colony-stimulating factor (GM-CSF) mediated
differentiation to alveolar macrophages shortly
after birth (24). Once differentiated, alveolar
macrophages have a relatively long life span under
normal conditions. Important functions of alveolar

macrophages include immune surveillance, phago-
cytosis of invading microorganisms, antigen
presentation, interactions with adaptive immune
cells, and surfactant homeostasis. Fetuses have very
few alveolar macrophages. In mice, primitive
macrophages can be detected in the lung intersti-
tium from early gestation, while in other species
including nonhuman primates and sheep, few
macrophages are found in the fetal lung (25).
Fetal exposure to inflammation and lung injury
can mature lung monocytes into macrophages
and stimulate their migration into the fetal alveolar
spaces (26).

The number and maturity of type II epithelial
cells increase in the fetal human after about
20 weeks gestation. Immature type II cells with
large intracellular lakes of glycogen mature with
the disappearance of glycogen and the appearance
of more and larger lamellar bodies. Just preceding
and following birth, lamellar bodies are secreted
to yield an alveolar pool that is primarily lamellar
bodies and tubular myelin (27). This surfactant
then begins to function with aeration of the lung.
As the newborn goes through neonatal transition,
the percentage of surface-active forms falls, and
the small vesicular forms increase. At equilibrium
approximately 50% of the surfactant in the air-
spaces is in a surface-active form, and 50% is in
the inactive vesicular form. Conversion from sur-
face active to inactive surfactant forms occurs
more rapidly in the preterm, presumably because
there is a lower pool size and less-effective surfac-
tant with lower amounts of the surfactant pro-
teins. Pulmonary edema can further accelerate the
process, with the net result being a depletion of
the surface-active fraction of surfactant despite
normal surfactant pool sizes.

Surfactant Turnover
The Adult Lung
In the adult human, the amount of surfactant in
the airspaces recoverable by bronchoalveolar
lavage is about 5 mg/kg body weight (28). There
are no reliable measurements of turnover of
the surfactant components in the normal adult
human. In animal models (primarily the rabbit)
the airspace pool size of surfactant is about
16.5 mg/kg, and the lamellar body pool size is
about 24 mg/kg (Figure 8-4). The kinetics of secre-
tion were measured with radiolabeled precursors
of surfactant components. Clearance kinetics were
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measured using radiolabeled surfactant compon-
ents given into the airspaces (29–31). The lag from
synthesis to peak accumulation of surfactant lipids
in the airspace is about 15 hours. Once secreted,
the half-life of the subsequent linear loss from
airspace is about 10 hours. The curves have been
modeled to demonstrate that the surfactant lipids
SP-B and SP-C from the airspace appear in lamel-
lar bodies for resecretion with an efficiency of
about 25% (31). The residual surfactant lost from
the airspaces is catabolized by alveolar macro-
phages. Some surfactant moves from the alveoli
into small airways, but large amounts of surfactant
are not lost up the airways. This elaborate steady-
state control of surfactant pool sizes and therefore
function in the adult lung can be disrupted
by injury to type II cells and by a block in surfac-
tant catabolism by alveolar macrophages from a
lack of GM-CSF signaling resulting in alveolar
proteinosis (32).

The Newborn Lung
Surfactant pool sizes and turnover times are
quite different in preterm and term newborns
(Figure 8-4). Following the observation of Avery
and Mead that saline extracts of the lungs of
infants with RDS had high minimum surface
tensions (2), decreased alveolar and tissue surfac-
tant pools were demonstrated in preterm animals.
Increasing surfactant pool sizes correlated with
improving compliances, although other factors
such as structural maturation also influence
lung function (33). Premature infants who died
with RDS without mechanical ventilation in the
1960s had surfactant pool sizes that were less
than about 5 mg/kg of body weight. Preterm
lambs with RDS can be managed with respiratory
support if their surfactant pool sizes exceed
about 4 mg/kg (34). Of note, the quantity of

surfactant recovered from the airspaces of infants
with RDS is about the same as the amount of
surfactant found in the alveoli of healthy adult
animals or humans (28). Nevertheless, much less
surfactant is recovered from preterms than
healthy term animals that have surfactant pool
sizes of about 100 mg/kg of body weight (35).
The large amount of surfactant in amniotic fluid
in the human at term indirectly indicates that the
term human fetal lung also has large pool sizes.
The fetal lung at term has more surfactant in
lamellar bodies and the fetal lung fluid than at
any time during life as a biological adaptation to
ensure neonatal transition to air breathing. Sur-
factant function is concentration dependent, and
the high amounts of surfactant in the fetal lung
fluid facilitate film formation and the establish-
ment of surface forces that promote fluid clear-
ance. The high surfactant pool sizes present
at term birth progressively decrease to normal
values for the adult animal by about 7 days in
the rabbit. There is no information for the time of
transition of surfactant pool sizes in the human.

Preterm infants that develop RDS often have
a “honeymoon” period of relatively normal lung
function that can last for several hours prior
to progressive respiratory failure. Their small
surfactant pool sizes are sufficient for initial transi-
tion to air breathing, but that surfactant has
decreased function relative to surfactant from
mature infants and is more sensitive to inactiva-
tion. Part of the problem may be that following
preterm birth the surfactant stores in the type II
cells are depleted, limiting the potential to
quickly increase alveolar surfactant pool sizes.
The increase in the pool size of alveolar surfactant
after preterm birth has beenmeasured in ventilated
preterm monkeys recovering from RDS (36).
The surfactant pool size increased toward the
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Figure 8-4. Estimates of pool sizes
and flux rates of surfactant in adult
rabbits (blue) and in 3-day-old
newborn rabbits (red). All values were
measured as saturated
phosphatidylcholine and have been
converted to mg/kg total surfactant (1
μ mol saturated phosphatidylcholine is
equivalent to about 1.5 mg total
surfactant). The 3-day rabbits weighed
about 65 g. The values are from
modeling studies using radiolabeled
precursors of saturated
phosphatidylcholine by Jacobs and
colleagues(29–31).
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100mg/kg valuemeasured in termmonkeys within
3 to 4 days. Similarly, the concentration of satur-
ated phosphatidylcholine in airway aspirates from
infants with RDS increased over a 4- to 5-day
period to become comparable to values for normal
or surfactant-treated infants (37). This slow
increase in pool size is consistent with a clinical
course of RDS of about 5 days without surfactant
treatment.

The only surfactant pool that can be sampled
from the newborn human is that which can be
recovered by a tracheal aspirate procedure, which
severely limits the analyses that are possible. In term
newborn rabbits turnover studies using radiolabeled
precursors demonstrated that synthesis and clear-
ance was about 10-fold less in the newborns than the
adults (29) (Figure 8-4), but the high lamellar body
and airspace pools were maintained by a recycling
rate for saturated phosphatidylcholine of >90%.
The phospholipids were recycled as intactmolecules
without degradation and resynthesis.

Metabolic measurements have been made in
preterm infants with the material recovered in
tracheal aspirates using stable isotopes given by
intravascular injection to measure endogenous
synthesis and secretion (38,39). Following the
intravascular administration of labeled glucose
or palmitic acid precursors, rapid incorporation
into surfactant phosphatidylcholine is followed by
long time delays for the movement of surfactant
components from the ER to lamellar bodies for
secretion. In infants with RDS, glucose-labeled
phosphatidylcholine was detected in the airway
samples after about 20 hours, and peak enrich-
ment of the stable isotope in the airspaces
occurred at about 70 hrs (38). Therefore, delays
between synthesis and secretion and the interval
to peak airway accumulation of endogenously
synthesized surfactant lipid is very long in the
preterm human.

The slow secretion and alveolar accumulation
of surfactant are balanced in the term and pre-
term lung by slow catabolism and clearance.
Trace amounts of radiolabeled surfactant phos-
pholipid mixed with treatment doses of surfactant
and given into the airspaces to infants with RDS
had half-life values of several days (39). Surfactant
phosphatidylcholine labeled with intravascular
glucose had a half-life after peak secretion of
about 80 hours for infants with RDS on conven-
tional or high-frequency oscillation (40). Frac-
tional synthetic rates also were similar at 4.5%

per day. The half-life of surfactant phosphatidyl-
choline was 62 hours in term infants, but infants
with pneumonia had much shorter half-life for
surfactant phosphatidylcholine of about 30 hours.

Less is known about the metabolism of the
surfactant proteins in the preterm lung. In animal
models, SP-A, SP-B, and SP-C seem to have
alveolar clearance kinetics that are similar to sat-
urated phosphatidylcholine. These proteins also
seem to be recycled to some degree from the
airspace back into lamellar bodies for resecretion
with surfactant (35). In the ventilated preterm
human, SP-B was labeled using leucine and its
secretion and clearance from airway samples
measured (41). The estimate of catabolic rate
was about one alveolar pool equivalent per day
with a half-life of about 16 hours. The relation-
ships between the metabolism of surfactant pro-
teins and lipids remain to be studied in the
human and during development. The presumed
function of the recycling pathways is to reassem-
ble the components to regenerate biophysically
active surfactant.

Surfactant Physiology in the Lung
The gas exchange surfaces of alveoli are complex
polygonal shapes that are interdependent in that
their structures are determined by the shapes
and elasticity of neighboring alveoli and airways.
The forces acting on the pulmonary microstruc-
ture are chest wall elasticity, lung tissue elasticity,
and surface tensions of the air-fluid interfaces in
the small airways and alveoli. At static equilib-
rium, a surfactant film will reduce surface tension
from the value of 72 mN/m for water to about
23 mN/m. Surface area compressions of about
25% will decrease surface tension to close to 0.
In the normal lung, the surface area changes of
the alveolar surface with tidal breathing are not
large. Nevertheless, surface forces balance the
inflation of the lung across the approximately
500 million alveoli and their connecting small
airways in all lung regions. As noted earlier, the
problem for the term fetus transitioning to air
breathing is to move fluid from the airspaces
while establishing alveolar expansion. Surfactant
is critical for this process together with active
Na + clearance. The infant makes high negative-
pressure breaths that move fluid down the airway
tree. The surface film is quickly formed on the
expanding air–fluid interface to retain air as a
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functional residual capacity. The fluid moves into
the lung interstitium to be cleared from the lung
over hours. Surfactant also facilitates both clear-
ance and the maintenance of patency of the small
airways.

The effects of surfactant on the preterm
surfactant-deficient lung are demonstrated by
pressure-volume relationships during quasi-static
inflation and deflation. The preterm surfactant-
deficient lung does not begin to inflate until
pressures exceed 20 cm H2O (42) (Figure 8-5A).
Multiple airways connect to distal saccules/alveoli
with different radii. The pressure needed to
open a lung unit (airway plus distal structures)
is related to the radius of curvature and surface
tension of the meniscus of fluid in the airspace
leading to each lung unit. The units with larger
radii and lower surface tensions will “pop” open
first because, with partial expansion, the radius
increases and the forces needed to finish opening
the unit decrease. The movement of an air–fluid
interface with high surface tensions in the airways
causes very high sheer forces that can disrupt
the airway epithelium (43). With surfactant
treatment, the fluid menisci in the airways have
lower surface tensions that decrease the opening
pressure from about 25 to 15 cm H2O in this
example. The subsequent inflation is more

uniform as more units open at lower pressures,
resulting in less epithelial injury and less over-
distention of the open units.

A particularly important effect of surfactant
on the surfactant-deficient lung is the increase
in maximal volume at maximal pressure. In
this example, maximal volume at 35 cm H2O is
increased about 2.5-fold with surfactant treat-
ment. Pressures above 35 cm H2O in control
lungs result in lung rupture with little further
volume accumulation. The opening pressures of
many distal lung units in the surfactant-deficient
lung exceed 35 cm H2O, and an attempt to inflate
the lung to full volume with higher pressure
will rupture the preterm lung. This volume
increase with surfactant treatment improves gas
exchange because it is primarily distal lung gas
volume. Another important effect of surfactant is
lung stabilization on deflation. The surfactant-
deficient lung collapses at low transpulmonary
pressures, whereas the surfactant-treated lung
retains about 40% of the gas volume on deflation
to 5 cm H2O, which is the static equivalent
of functional residual capacity.

Surfactant lipid composition and the surfac-
tant proteins SP-B and SP-C strikingly change
the behavior of surfactant in the airspaces. For
example, natural sheep surfactant can be
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Figure 8-5. Surfactant effects on
the preterm lung. (A) Surfactant
treatment of the preterm rabbit lung
greatly increases lung gas volumes
by the combined effects of
decreasing opening pressure,
increasing maximal lung volume, and
increasing deflation stability. Lung
gas volumes have been normalized to
1 for the maximal volume at 30
cmH2O pressure for the control lung.
Data derived from (42). (B) Natural
sheep surfactant was fractionated into
a lipid-only fraction and each of the
sheep surfactant proteins. Surfactants
were reconstructed using lipids only
and lipids plus each of the surfactant
proteins. Preterm rabbits were treated
with the surfactants and ventilated
with similar tidal volumes, and
compliances were measured. Sheep
surfactant greatly increased
compliance relative to the control
value in untreated rabbits.
Data derived from Rider, Ikegami, Whitset,
Hull, Absolom, Jobe. Am Rev Respir Dis.
1993;147:669–676.
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fractionated into its lipid components and SP-A,
S-B, and SP-C for reconstruction experiments to
demonstrate physiologic responses of each com-
ponent in the ventilated preterm rabbit lung (44).
In the example in Figure 8-5B, treatment of the
surfactant-deficient preterm lung with the surfac-
tant lipids does not improve lung compliance
relative to untreated rabbits. Addition of SP-A
has minimal effects, while addition of only SP-C
improves the pressure volume relationships sub-
stantially. However, SP-B plus the surfactant
lipids is equivalent to the natural surfactant.
The deficit in function of a surfactant with only
SP-C can be overcome by adding positive end
expiratory pressure during ventilation of the pre-
term rabbits (45). The physiologic effects of
surfactant on the lung are striking and can be
demonstrated by giving surfactant to the surfac-
tant deficient lung or removing surfactant from
the normal lung. The changes in lung mechanics
are accompanied by large changes in gas exchange
and lung injury with ventilation of the surfactant-
deficient lung.

Surfactant Inactivation
Surfactant function is easily disrupted by mul-
tiple factors that frequently occur in the preterm
lung (Table 8-2). Once the preterm lung has
released surfactant stores at delivery, the surfac-
tant will be depleted with time by the normal
conversion of the pool from the tubular myelin
and loose surfactant arrays into the catabolic
liposomes unless there is active replacement.
The generation of new secretion capacity from
lamellar bodies from de novo synthesis and
recycling is a slow process, and efficient recyc-
ling depends on normal lamellar body and alveo-
lar pool sizes. The preterm with just enough
surfactant at birth to transition to air breathing
may become functionally deficient over hours.
Further, the surfactant of the preterm lung has
lower amounts of saturated to total phosphati-
dylcholine and lower amounts of the surfactant
proteins (46). The multiple proteins, lipids, and
other factors that can interfere with film forma-
tion listed in Table 8-2 will be more inhibitory
for surfactant from the immature lung than
mature surfactant that contains more saturated
phosphatidylcholine, more SP-B and SP-C, and
particularly more SP-A. Finally, surfactant lipids
can function as a thromboplastin and promote

clotting of plasma that leaks into the airspaces.
The surfactant deficient preterm lung is easily
injured by spontaneous or mechanical ventila-
tion with increased permeability of the epithe-
lium, resulting in proteinaceous pulmonary
edema (46). Plasma components will clot to form
hyaline membranes that can trap surfactant,
removing it from the functional pool. Multiple
substances interfere with film formation by com-
peting with surfactant for the air–water interface.
These inactivation phenomena are concentration
dependent, as high concentrations of normal
surfactant can form stable surface films in the
presence of plasma or inhibitors, while surface
film formation by low surfactant concentrations in
the hypophase are easily disrupted (47). Thus, the
preterm lung is at substantial disadvantages because
the immature surfactant with functional deficits is
likely to be present in small amounts. The term lung
also can have surfactant inactivation by meconium
and the inflammatory products from pneumonia.

Table 8-2. Surfactant Inactivation – Causes and Interfering
Substances

Increased conversion from surface active to inactive
forms in airspaces

Proteinaceous pulmonary edema (proteases?)

Low surfactant protein content

Removal of surfactant from airspace pool

Clots and hyaline membranes

Inhibition of surface adsorptions and film stability

Proteins

Edema fluid

Plasma components – albumin, fibrinogen,
hemoglobin

Lipids

Cell membrane

Cholesterol

Other inhibitors

Meconium

Bilirubin

Oxidizing agents

Amino acids
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Surfactant Treatment
The treatment responses to surfactant illustrate the
effects of surfactant on the developing lung. It
must be emphasized that the development of sur-
factant treatment has transformed the care of pre-
term infants (48). The reasons that surfactant
treatments are so effective go beyond simply
acutely improving surface tensions and thus the
physiology of the preterm lung. The major reason
that surfactant treatments cause persistent clinical
responses is that the metabolic characteristics of
surfactant phospholipids and proteins in the pre-
term are favorable (35). Alveolar and tissue pool
sizes are small, and the rate of accumulation is
slow. Treatment acutely increases both the alveolar
and tissue pools because the exogenously adminis-
tered saturated phosphatidylcholine is taken up by
type II cells and processed for resecretion. The
surfactants used clinically are not equivalent in
composition or function to native surfactant in
the mature lung. Furthermore, airway instillation
does not achieve an ideal distribution of surfactant.
However, within hours following surfactant treat-
ment of preterm animals, the surfactant recovered
by alveolar wash has improved function. There-
fore, the preterm lung, if uninjured, can rapidly
transform surfactants used for treatment with
poor function to a better surfactant (47). Also
of benefit is the slow catabolic rate of surfactant,
with the result being that the surfactant used for
treatment remains in the lungs, is recycled, and
is not rapidly degraded. The surfactant used for
treatment becomes substrate for the endogenous
recycling pathways to increase overall surfactant
quantities. Treatment doses of surfactant do not
feedback-inhibit the endogenous synthesis of sat-
urated phosphatidylcholine or the surfactant pro-
teins (49). No adverse metabolic consequences
of surfactant treatment on the endogenous metab-
olism of surfactant or other lung functions have
been identified.

The static mechanics of the preterm lung are
strikingly improved by surfactant treatments
(Figure 8-5A). The dynamic lung mechanics also
are altered by surfactant treatments (35). The time
constant for deflation increases, resulting in less-
rapid lung emptying. The clinical correlate is that
a surfactant treatment can increase the functional
residual capacity of infants with RDS by two
mechanisms: the improved deflation stability
and the longer expiratory time constant. The

consistent initial response of infants with RDS to
surfactant treatments is a rapid improvement in
oxygenation, whereas improvements in PCO2,
compliance, and therefore ventilatory support
variables tend to change more gradually. The
improved oxygenation without changes in venti-
lation results from the acute increase in lung
volumes following surfactant treatments. In
experimental animals, these acute physiological
responses are accompanied by much more uni-
form aeration of the preterm lung at the anatomic
level, a decreased lung permeability, and less
indicators of lung injury with mechanical
ventilation (50,51).

Clinical Lung Maturation
RDS and Induced Lung Maturation
At term the total amount of surfactant present in
the human airways plus lamellar body pools prob-
ably exceeds that in the adult by about 10-fold on a
body weight basis. Lamellar bodies first appear
within type II cells by 20 to 24 weeks' gestation in
the human fetus, and the amount of saturated
phosphatidylcholine in lung tissue progressively
increases to term. Lung maturity as defined clinic-
ally by the absence of RDS in the human fetus is
generally present after 36 weeks of normal gesta-
tion, but infants born at 24 weeks can have “mature
lungs” based on their ability to exchange oxygen
and CO2. Therefore, a 12-week window of “early
maturation” is possible for the human, in part
because the surfactant synthetic and storage
machinery can be induced in the human early in
gestation.

The clinical syndrome linked to inadequate
amounts of surfactant is RDS, but the identifica-
tion of surfactant deficiency is problematic clinic-
ally. There are no tests to measure surfactant
amount in the airspaces, and some preterm
infants will have sufficient surfactant, but that
surfactant may be inhibited by edema or inflam-
mation associated with pneumonia, for example.

From the epidemiologic perspective, the inci-
dence of RDS increases as gestational age
decreases. However, incidence of RDS is not easily
defined because of variable definitions and the
effect of different clinical care strategies on the
diagnosis of RDS. For example, from 1997 to 2002
the NICHD Neonatal Research Network defined
RDS as the need for oxygen and some ventilatory
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support, plus a compatible chest roentgenogram.
The Network reported the incidence of RDS for
infants less than 1 kg as 63% (52). The definition
was changed for 2003 to 2007 to the use of sup-
plemental oxygen for >6 hr and 95% of similar
infants than had a diagnosis of RDS (53). In
contrast, only about 50% of infants with birth
gestations less than 28 weeks that are initially
supported with CPAP have sufficient RDS to
receive surfactant (54). If the use of surfactant is
a surrogate for significant surfactant deficiency,
then many very early gestation infants did not
have severe RDS. Biologically, this indicates that
induced lung maturation is very frequent. This
spontaneous early lung maturation in the human
fetus is believed to result from stress-induced
maturation events that can be maternal, placental,
or fetal in origin. Surprisingly, the fetal stress that
must accompany fetal growth restriction or pre-
eclampsia, does not consistently induce early lung
maturation.

A changing epidemiology of RDS results in
part from the more frequent clinical use of ante-
natal glucocorticoids and changes in obstetric
practice that delay preterm delivery, presumably
allowing the lung to mature. Numerous clinical
trials have documented that maternal corticoster-
oid treatments decrease the incidence of RDS by
about 50%, and those infants with RDS tend to
have less severe disease (55). Chronic infection
and fetal exposure to inflammation and histologic
chorioamnionitis is frequent in pregnancies with
preterm labor between 22 and 30 weeks gestation
and also is associated with a decreased incidence
of RDS (56). In experimental models, fetal pro-
inflammatory exposures induce striking increases
in surfactant and improvements in postnatal lung
function without increasing fetal cortisol levels
(57). Therefore, fetal exposure to inflammation
may have the short-term benefit of increasing
surfactant and decreasing RDS.

Fetal plasma cortisol increases as the fetus
approaches term and is associated with the large
increase in surfactant at term. Corticotropin-
releasing hormone-deficient mice and mice with
ablation of the glucocorticoid receptor have inad-
equate surfactant to survive following term birth
(58,59). Therefore, endogenous cortisol is essen-
tial for normal lung maturation. The very early
gestation human fetal lung also is responsive to
corticosteroids. Explants of human lung at 14 to
20 weeks gestational age differentiate in organ

culture in the absence of hormonal stimuli, and
corticosteroids and thyroid hormones accelerate
maturation (60).

The responses of the fetal lung to corticoster-
oids are multiple and impact many different
systems that will influence the clinical outcome
(61). Biochemical markers of maturation include
glycogen loss from type II cells, increased fatty
acid synthesis, increased beta receptors, and
increased choline incorporation into surfactant
phosphatidylcholine. In vivo, animals demon-
strate improved lung function and survival. Cor-
ticosteroid treatment also decreases the tendency
of the preterm lung to develop pulmonary edema
(50). Although the primary effect of corticoster-
oids on the fetal lung is generally considered to be
induction of surfactant synthesis, effects on
enzymes in the synthetic pathways for surfactant
have not been consistently demonstrated, and
surfactant pool sizes do not increase until more
than 4 days after maternal glucocorticoid treat-
ments in sheep (61). Corticosteroids induce lung
structural maturation by decreasing the amount
of mesenchyme and increasing the surface area
for gas exchange as is reflected by increased lung
volumes within 12 to 24 hrs in fetal sheep (62). In
preterm animal models, corticosteroid treatment
changes the dose-response curve for surfactant
treatments such that less surfactant is needed to
achieve larger clinical responses (63). Because of
increased lung volume, corticosteroid-treated
fetuses also have improved responses to postnatal
surfactant (64). There are additive or synergistic
effects between the corticosteroid-exposed lungs
and surfactant treatments in animal models.

Antenatal corticosteroid treatment is now the
standard of practice for pregnancies at risk of
preterm delivery (55). This therapy is effective
and safe, although there is not long-term follow-
up for infants born before 28 weeks' gestation.
Repetitive courses of antenatal glucocorticoids
have been given at 7- to 10-day intervals, a prac-
tice based on the suggestion that the fetal benefit
was lost after this interval (61). Maternal gluco-
corticoid treatments at 7-day intervals in sheep
cause fetal growth restriction but augment lung
maturation. Randomized trials in women at risk
for preterm delivery demonstrate modest benefit,
but there is some concern about longer-term out-
comes, especially for infants exposed to 4 or more
antenatal courses of antenatal corticosteroids
(65). There is presently insufficient information
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for a strong recommendation about the use of
repeated corticosteroid treatments.

The only other lung maturation strategy that
has been extensively evaluated clinically is the com-
bination of corticosteroids and thyrotropin-
releasing hormone (TRH). Thyroid axis hormones
induce lung maturation and can act synergistically
with corticosteroids in vitro. Thyroid hormones
do not cross the human placenta efficiently, but
the tripeptide TRH crosses to the fetal circulation
and increases fetal thyroid hormone levels. Unfor-
tunately, when evaluated in large randomized, con-
trolled trials, TRH demonstrated no benefit, and
possible risks were identified (66).

Tests for Fetal Lung Maturation
Tests for fetal lung maturation depend on amni-
otic fluid composition reflecting the status of sur-
factant in the fetal lung. The lung secretes fetal
lung fluid at a rate of about 4mL/kg/hr. The flow
of fluid out of the lung is episodic and balanced
between swallowing and loss of fetal lung fluid to
the amniotic cavity. Tests of lung maturation
depend on the flow of fetal lung fluid containing
surfactant into the amniotic fluid being sufficient
to change amniotic fluid composition in a timely
manner relative to the state of fetal lung matur-
ation. Tests of lung maturation were developed to
identify fetuses with early lung maturation that
thus could be delivered without the risk of
developing RDS. The lecithin–sphingomyelin
(L-S) ratio introduced by Gluck and associates in
1971 remains the standard against which other
tests are compared (4).The results are expressed
as the ratio of a lecithin (phosphatidylcholine)
fraction, that is cold acetone precipitated to enrich
for saturated phosphatidylcholine, to sphingo-
myelin. Sphingomyelin is a membrane lipid and
is a nonspecific component of amniotic fluid not
related to lung maturation. The sphingomyelin
content of amniotic fluid decreases from about
32 weeks gestational age to term, whereas the
lecithin content, a large part of which is from
the fetal lung, increases.

Each of the surfactant lipids and SPs has a
unique developmental profile as surfactant com-
position changes with development (5). Phospha-
tidylglycerol normally appears in amniotic fluid at
about 35 weeks gestation and indicates lung mat-
uration. Phosphatidylglycerol is present in appre-
ciable amounts only in lung tissue and surfactant.

Therefore, phosphatidylglycerol can be measured
in amniotic fluid contaminated with blood or
meconium. Numerous other tests for lung matur-
ity have been developed. The TDx-FLM assay of
the ratio of amniotic fluid surfactant to albumin
seems to be equivalent to the L-S ratio for the
prediction of RDS. A currently popular test is a
measurement of lamellar body numbers in amni-
otic fluid (67). Tests of fetal lung maturity are less
frequently used in clinical practice than in the past
because virtually all women at risk of preterm
delivery are treated with antenatal corticosteroids,
and the clinical decision to deliver a preterm
seldom includes considerations of fetal lung mat-
uration because surfactant treatments are now
routine.

Genetic Causes of Surfactant
Abnormalities
Four single gene disorders affecting surfactant
production are currently known to cause new-
born lung disease, as well as lung disease in older
children and adults. Specific features of these dis-
orders are summarized in Table 8-3 and discussed
in detail in the following sections.

Surfactant Protein-B (SP-B) Deficiency
Loss of function mutations on both alleles of the
gene encoding SP-B (SFTPB) cause severe neo-
natal lung disease in humans and lethal neonatal
respiratory failure in genetically engineered mice
(68–70). SP-B deficient human newborns are
usually born at full-term gestation, but have the
clinical and radiographic features of RDS in pre-
maturely born infants. Unlike premature infants
with RDS who respond favorably to supportive
care and surfactant treatments, SP-B deficient
infants have progressive disease that is usually
fatal within the first 3 months of life. Rarely
affected children may survive for longer periods
due to mutations that allow for some SP-B pro-
duction (71,72). Experiments with genetically
engineered mice in which the SP-B gene was able
to be turned off indicated that an SP-B level of
20% to 30% of control values was needed to
maintain normal lung function (73).

Over 40 different SFTPB mutations have
been reported. The most commonly observed is
a frameshift mutation precluding any SP-B pro-
duction that has accounted for approximately
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two-thirds of the mutant alleles identified to date
(70,74). The relative prevalence of this mutation
reflects a common ancestral background or
“founder” effect of Northern European origin
(75). Population-based studies of its frequency
have yielded different results depending on the
population studied, with carrier rates between
1 in ~600 to 1 in 1000 (76). Combining these data
with the relative contribution of this single muta-
tion to disease yields a predicted incidence of
SP-B deficiency of less than 1 in one million live
births.

The lack of mature SP-B, which is critical for
proper surfactant function, is the primary cause
of lung disease. Additional changes in surfactant
metabolism including markedly reduced amounts
of phosphatidylcholine and phosphatidylglycerol
in lung fluid, contribute to the severity of the lung
disease (74,77). The processing of proSP-C is also
impaired and leads to the accumulation and
secretion of a partially processed intermediate
with retained amino-terminal proSP-C epitopes,

with mature SP-C production also likely reduced
(78). Thus multiple abnormalities result in secre-
tion of surfactant that is ineffective in lowering
surface tension. The impaired processing of SP-C
and reductions in surfactant lipids are likely due
to disrupted lamellar body formation, the intra-
cellular storage organelle in type II cells
for surfactant lipids and proteins, and the cellular
compartment where the final processing steps of
proSP-C and proSP-B occur. Collectively these
observations support an intracellular role for
SP-B (or proSP-B) function along with its role
in facilitating surface tension reduction at the
alveolar air–liquid interface.

ABCA3 Deficiency
The adenosine triphosphate (ATP) binding cas-
sette family of transporters use energy from the
hydrolysis of ATP to move substances across bio-
logical membranes, and mutations in their genes
often underlie human disease (79). Member A3 of

Table 8-3.
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this family (ABCA3) is localized to the limiting
membrane of lamellar bodies, and term human
newborns with bi-allelic loss-of-function muta-
tions in the ABCA3 gene (ABCA3) develop an
RDS-like syndrome (80). Genetically engineered
mice unable to produce ABCA3 do not inflate
their lungs at birth and die from respiratory fail-
ure (81–83). The phospholipid profiles from the
lungs of such animals had marked reductions in
surfactant phosphatidylcholine and phosphatidyl-
glycerol (83). Analysis of lung fluid from infants
who had lung transplantation and were subse-
quently found to have ABCA3 mutations also
demonstrated marked reductions in these same
phospholipids compared to infants transplanted
for other disorders.(77) Finally, ultrastructural
examination of the lung tissue of ABCA3-
deficient newborns and animals demonstrates an
absence of normally formed lamellar bodies, with
numerous small dense bodies with eccentrically
placed electron-dense cores giving them a “fried-
egg” appearance (80). Collectively these observa-
tions support a model where ABCA3 is a key
transporter of lipids critical for surfactant func-
tion into lamellar bodies.

Over 250 disease-causing mutations scattered
throughout the ABCA3 gene (ABCA3) have been
recognized along with large deletions spanning
one or more exons. Although many infants with
ABCA3 mutations have a severe phenotype simi-
lar to that of SP-B-deficient infants, others have
relatively milder disease and present with findings
of diffuse or ILD later in childhood (84,85). Not
all have a history of neonatal lung disease, and
asymptomatic children with ABCA3 mutations
and adult-onset disease have also been recognized
(86,87). Thus the pulmonary phenotypic spec-
trum of ABCA3 deficiency is much broader than
that of SP-B deficiency. Genotype appears to be
an important determinant of the onset and sever-
ity of lung disease, with mutations on both alleles
that are predicted to preclude any ABCA3 protein
expression and function uniformly associated
with neonatal-onset disease and death or need
for lung transplantation within the first year of
life (85).

The pathophysiology of lung disease due to
ABCA3 mutations is incompletely understood.
The severe RDS observed in newborns with com-
plete loss-of-function mutations can be attributed
to a lack of functional surfactant, but the mech-
anisms whereby some children do not exhibit

signs of surfactant deficiency in the neonatal
period yet develop lung disease later in life are
unclear. A small number of ABCA3 mutations
have been studied in vitro, and missense muta-
tions may cause inappropriate trafficking of the
mutant protein, impaired ability to hydrolyze
ATP, and/or impaired transport of lipid (88–90).
Such mutations may allow for enough surfactant
production to prevent neonatal RDS. Alterna-
tively, ABCA3 that is misrouted to the apical
surface of the type II cell may allow for secretion
of sufficient amounts of surfactant lipids and pro-
teins to prevent neonatal RDS; this hypothesis has
not been experimentally tested. The mechanisms
leading to ILD later in life are even less well
understood. Chronically perturbed surfactant
metabolism and stoichiometry resulting from
decreased or abnormal ABCA3 function may
injure alveolar type II cells, leading to eventual
inflammation, tissue injury, and fibrosis. Finally,
as ABCA3 expression is developmentally regu-
lated, heterozygosity for an ABCA3 mutation
may increase the risk for RDS in prematurely
born infants due to the reduced function from
one allele (91).

The precise incidence and prevalence of
ABCA3 deficiency are unknown. In population-
based studies, the carrier rate of the ABCA3
p.Glu292Val mutation, which has accounted for
< 10% of identified mutations, has ranged from
1 in 80 (1.3%) to 1 in 125 (76,92). A case-control
study of late-preterm infants with and without
RDS found a carrier frequency of 3.7% in the
European population and 1.5% in the African
descent population (91). Databases derived from
massive parallel sequencing projects (Exome
Variant Server, www.evs.gs.washington.edu/EVS;
1000 genomes, www.1000genomes.org) list mul-
tiple ABCA3 coding variants. While many of these
are likely not disease-causing, variants known and
highly likely to be associated with disease are
listed. Thus carrier frequency for any functional
ABCA3 mutation may be as high as 1 in 35
individuals, which would translate to a predicted
disease incidence as high as 1 in 4,500 births.

SP-C Dysfunction
Mutations in the SP-C gene (SFTPC) result in
lung disease that is highly variable in its onset
and severity, ranging from severe neonatal RDS
to adult-onset ILD and pulmonary fibrosis, with
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some individuals with SFTPC mutations asymp-
tomatic into their fifth or sixth decade of life
(68,93,94). Disease may result from a mutation
on just one SFTPC allele, either sporadically due
to de novo mutations or inherited in an autoso-
mal dominant pattern. All reported disease-
causing SFTPC mutations are predicted to alter
the coding sequence of proSP-C, and lung disease
due to SFTPC mutations is thought to result
from the production of an abnormal protein
rather than the lack of production from one allele
(haploinsufficiency). One SFTPC mutation that
results in the substitution of threonine for isoleu-
cine in codon 73 (p.Ile73Thr) has been identified
in multiple unrelated individuals and has
accounted for 25%–50% of the reported cases to
date (95). The mutation has been associated with
both sporadic as well as familial disease and has
been found in individuals with different ethnic
backgrounds and on different SFTPC haplotypes,
indicating that recurrent mutation at this location
in this gene may occur. Other mutations are scat-
tered throughout the gene, but many are located
in the region encoding the last ~100 amino
acids of proSP-C, a domain with homology to a
group of proteins associated with familial demen-
tias and malignancy (BRICHOS domain) (96,97).

The pathophysiology of lung disease due to
SFTPC mutations is complex and may depend
on the specific mutation. Mutations in the BRI-
CHOS domain often result in an unstable propro-
tein that is misfolded and targeted for degradation
in the ER (96,97). Depending on the amount
of abnormal protein produced and capacity of
the cell to handle it, the misfolded protein may
aggregate, and the unfolded protein response
(UPR) activated, with subsequent caspase acti-
vation, cell death due to apoptosis and inflam-
mation (97). Self-association of normal and
mutated proSP-C in the secretory pathway may
result in degradation of the protein derived from
the normal allele, leading to deficiency of mature
SP-C in a dominant negative mechanism. Expres-
sion of misfolded proSP-C may also result in
cellular stress that can be exacerbated by add-
itional injury. Cells in culture that were stably
transfected with a known disease-causing SFTPC
mutation did not exhibit toxicity at baseline, but
died when subsequently infected with respiratory
syncytial virus (98). In addition, transgenic mice
expressing a different mutant form of SP-C
exposed to bleomycin developed more prominent

inflammatory and fibrotic responses than in their
wild-type littermates (99).

Mutations located outside the BRICHOS
domain may result in proSP-C that is routed to
the plasma membrane of alveolar type II cells
rather than to lamellar bodies, and then trafficked
to early endosomes, and inefficiently or not pro-
cessed to mature SP-C (100,101). Either the lack of
mature SP-C or chronically perturbed alveolar
type II cell metabolism may contribute to disease
pathophysiology, although precise mechanisms
remain to be determined. Depending on the nature
and location of the mutation and its particular
mechanism for causing disease, different treatment
strategies may be necessary. Agents designed
to help stabilize misfolded proteins or facilitate
transit from the ER to the Golgi may be ineffective
for mutations that result in abnormal targeting
of proSP-C to the plasma membrane (100).

The incidence and prevalence of lung disease
due to SFTPC mutations are unknown. The
p.Ile73Thr mutation was not found on
> 8000 alleles in samples obtained from a neo-
natal screening program (76). Only one individ-
ual with an SFTPC mutation was identified in a
group of adults with sporadic pulmonary fibrosis
or ILD, although 25% of familial pulmonary
fibrosis kindreds were found to have an SFTPC
mutation as the basis for disease in another study
(102,103). Multiple SFTPC coding variants are
listed in public databases, including some known
or likely to cause disease, but the associated pul-
monary phenotypes are not available. The major-
ity of published subjects with SFTPC mutations
developed lung disease after the neonatal period.
Overall SFTPC mutations appear to be a very rare
cause of lung disease and an even rarer cause of
neonatal RDS.

NKX2.1 Haploinsufficiency
The gene NKX2.1 encodes a transcription factor
essential for thyroid gland development called
thyroid transcription factor 1 (TTF-1). It is also
expressed in other tissues, including the central
nervous system and lung, where it is necessary
for expression of many genes, including those
encoding SP-A, SP-B, SP-C, and ABCA3 (104).
Chromosomal deletions involving the NKX2.1
locus have been observed in newborns with severe
RDS and hypothyroidism, and loss-of-function
mutations on one NKX2.1 allele have also been
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associated with the same phenotype (105,106).
NKX2.1 mutations were also recognized as the
cause of an autosomal dominantly inherited
movement disorder, benign familial chorea. It is
now clear that individuals with mutations in or
deletions of this gene may have a combination of
findings that include pulmonary disease (neonatal
RDS, chronic lung disease, and recurrent pulmon-
ary infections), hypothyroidism, and various
neurological manifestations (developmental delay,
hypotonia, ataxia, dysarthria), a constellation that
has been termed “brain–thyroid–lung syndrome”
(107). Affected individuals with NKX2.1 muta-
tions may have manifestations in only one organ
system, including the lungs. The pulmonary
phenotypes are still incompletely described, but
range from severe neonatal lung disease with path-
ology findings of disrupted lung development,
to onset of ILD later in childhood (108).

Based on studies of the functional effects of
mutations in vitro and the observation that dele-
tions of one copy of NKX2.1 are associated with
disease, the primary mechanism whereby NKX2.1
mutations cause disease is haploinsufficiency
(105). It is possible that some mutations may
result in a gain of function, and specific mutations
may have variable effects on different down-
stream target genes that are important in mediat-
ing the phenotype, which might depend on which
target genes are most impacted by a given muta-
tion (107). Loss-of-function mutations leading to

decreased expression of ABCA3 or SP-B would
explain an RDS phenotype, decreased SP-C
expression could lead to an ILD phenotype, and
decreased expression of pulmonary collectins
(SP-A, SP-D) contribute to recurrent infection,
given their role in host defense (108).

The incidence and prevalence of lung disease
due to NKX2.1 mutations are unknown.
Population-based studies of the frequency of such
mutations have not yet been carried out. Public
databases list variants that are potentially disease
causing, but phenotypic correlates are not readily
available.

Lung Pathology of Genetic Surfactant
Disorders
Lung histopathology findings associated with gen-
etic disorders of surfactant metabolism may be
distinctive, but are not specific for the gene
involved (Figure 8-6) (109). A common finding
in neonates or young infants is an accumulation of
granular, eosinophilic material filling distal air-
spaces, a finding similar to that observed in older
subjects with alveolar proteinosis syndromes
where surfactant material accumulates in the air-
spaces due to impaired catabolism. The underlying
alveolar architecture is usually preserved in sub-
jects with alveolar proteinosis syndromes, whereas
in surfactant production disorders there is often
prominent alveolar type II cell hyperplasia,

Figure 8-6. Representative lung
histopathology sections (hematoxylin
and eosin stain) from infants with
genetic surfactant disorders. The
specific gene involved is indicated on
each panel. Similar findings are
observed with each genetic disorder,
including extracellular accumulations
of proteinaceous material and
macrophages, alveolar type II cell
hyperplasia, and interstitial thickening.
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mesenchymal thickening, and variable degrees of
fibrosis. In older children the findings of protei-
nosis are less prominent, and variable accumula-
tions of foamy macrophages within airspaces may
be observed, with the lung histopathology inter-
preted as desquamative interstitial pneumonitis,
chronic pneumonitis of infancy, or nonspecific
interstitial pneumonia.

Electron microscopy studies may provide
information on the specific genetic defect. The
lamellar bodies in SP-B-deficient infants are dis-
organized with multiple vesicles within the organ-
elle as opposed to orderly stacked membranes.
In ABCA3-deficient infants normal lamellar
bodies may not be seen, with small, dense bodies
with eccentrically placed electron-dense cores
found in the type II cells.

Other Surfactant-Related Genes
and Lung Disease
Mutations in other genes involving surfactant
function and metabolism have been reported,
but have not been associated with lung disease
in the perinatal period. Mutations in one of the
genes encoding SP-A, SFTPA2, cause familial pul-
monary fibrosis and lung cancer, likely from a
gain-of-toxic function mechanism (110,111).
Mutations in the genes (CSFR2A, CSFR2B)
encoding the receptor for GM-CSF lead to
impaired alveolar macrophage function and
alveolar proteinosis in children and young adults,
but have not been reported as causes of perinatal
lung disease (112).

Gaps and the Future
Although much has been learned regarding the
composition and function of surfactant, virtually
nothing is known about the transcriptional net-
works that integrate molecular pathways involved

in prenatal type II cell maturation, surfactant
protein and lipid synthesis, and alveolar defense.
How these molecular networks “sense” alveolar
pool size in the postnatal lung and modulate
transcriptional pathways to balance surfactant
synthesis with surfactant secretion, recycling,
and degradation is completely unknown. Like-
wise, it is unclear to what extent regulatory net-
works involved in type II cell maturation are also
involved in alveolar repair and reconstitution of
surfactant homeostasis following lung injury.
These critical knowledge gaps are reflected in the
paucity of new therapies for lung immaturity and
chronic lung diseases.

Clinically, surfactants isolated from adult
animal lungs are widely available and effective.
Surfactants containing only synthetic lipids and
the surfactant proteins have been tested exten-
sively in animal models and are very effective
(17). The lipophilic surfactant proteins B and
C are altered to increase stability or used as
shorter peptides. These synthetic surfactants will
result in more standardized products for clinical
use, but clinical responses will probably be simi-
lar. A major effort is directed at the development
of better ways to deliver surfactant to the preterm
lung that can avoid intubation and mechanical
ventilation.

Infants who present with a severe and progres-
sive RDS-like syndrome may have a genetic basis
for surfactant deficiency. Once infection and
other causes of severe respiratory failure are
excluded, then tests for abnormalities of SFTPB,
SFTPC, ABCA3, or NKx2-1 may be diagnostic.
No doubt rarer causes of respiratory failure in
the newborn will be discovered. Presently these
four diagnoses will not explain the respiratory
failure in many infants who have yet to have
identified genetic or developmental abnormalities
that influence surfactant.
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Chapter

9
Initiation of Breathing at Birth
Arjan B. te Pas and Stuart Hooper

Abstract
Recent animal and human studies have challenged some of the prevailing concepts regarding
the major physiological changes that characterize the transition to life after birth. In this
chapter we will explain in detail how the breathing effort initiates a pulmonary and hemody-
namic cascade of events that is of vital importance for survival after birth. The role of cord
clamping and its effects on the hemodynamic transition will be discussed. This chapter also
covers the pathophysiology of preterm infants failing transition and the current strategies
caregivers can use to support them. Finally, we describe how positive pressure ventilation
(PPV) can cause not only lung injury, but can also adversely affect cardiovascular function and
initiate a systemic inflammatory cascade that can injure the immature brain.

Keywords:
Birth, newborn, breathing, lung liquid, lung aeration, pulmonary vascular resistance,
cord clamping, respiratory distress syndrome, lung injury, brain injury

Introduction
Breathing initiates the physiological changes that
characterize the transition to life after birth. The
respiratory efforts made by the infant must be
sufficient to clear the liquid so that air can enter
the distal airways and pulmonary gas exchange
can begin. The infant then uses breathing pat-
terns, largely characterized by braking of expira-
tory gas flow, to maintain functional residual
capacity (FRC). The FRC increases during each
inspiration and is maintained by braking during
expiration. Because lung aeration is the trigger for
dilation of the pulmonary vascular bed and a
marked increase in pulmonary blood flow (PBF),
breathing is also important for a successful hemo-
dynamic transition. The increase in pulmonary
venous return to the left atrium is critical for
replacing the loss of umbilical venous return from
the placenta when the umbilical cord is clamped.
Our understanding of the physiology of transition
is mostly based on animal studies and extrapo-
lation from human fetal data from the 1970s.
However, recent animal and human studies have
challenged some of the prevailing concepts of
transition as well as the causes and consequences
for when this transition fails.

Although most preterm infants make respira-
tory efforts at birth, failure to aerate the lungs,
recruit an FRC, and establish adequate gas
exchange is most common in preterm infants.
The weak respiratory muscles and surfactant

deficiency makes them unable to generate suffi-
cient inspiratory pressures to overcome the high
surface tension and frictional forces to achieve
effective lung aeration. The compliant rib cage
reduces the efficiency of the diaphragmatic con-
tractions and is not able to resist lung recoil,
leading to small tidal volumes and low FRCs. In
addition, the small surface area and thick air/
blood gas barrier further impair gas exchange.
As epithelial sodium channel expression is absent
in the immature lung, the lung is unable to
reabsorb sodium, thereby increasing the likeli-
hood of liquid reentering the airways.

Consequently, preterm infants, particularly
those born prior to 29 weeks of gestation, often
require respiratory support at birth. The initiation
of respiratory support in the delivery room, typ-
ically with intermittent positive pressure ventila-
tion (PPV), via a face mask or after intubation, is
often critical to ensure a successful respiratory
transition. Caregivers prefer noninvasive ventila-
tion to support the transition to avoid intubation
and mechanical ventilation at birth, as mechanical
ventilation is associated with an increased risk of
lung and brain injury. Although different nonin-
vasive strategies have been tested clinically, the
mechanisms and effects of mask ventilation on
lung aeration and respiratory function at birth
are not well understood. The development of the
best respiratory strategies at birth is not only
important to reduce the risk of lung injury, but
to also minimize the adverse effects of ventilation
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on the cardiovascular system and brain injury.
Lung injury with the initiation of an inflamma-
tory response within the lung can have direct and
indirect effects on the cardiovascular system, sys-
temic circulation, and cerebral circulation. In this
chapter we will discuss the physiology of pulmon-
ary transition at birth, the clinical supporting
strategies when transition fails, and the injury that
can result.

Respiratory Drive
Fetal breathing movements (FBMs) can be
observed as early as 12 weeks of gestation (1)
and are vital for normal lung growth and devel-
opment. FBMs have similarities with breathing
activity after birth, are sleep-state dependent,
and are controlled by descending output from
the respiratory center. This output is influenced
by numerous physiological stimuli, including
hypoxia and hypercapnia, and activates the dia-
phragm and other inspiratory muscles such
as adductor and abductor muscles of the larynx
(1,2), FBMs are restricted to periods of fetal activ-
ity and are discontinuous, occurring <50% of the
time (1). FBMs primarily occur during a state
resembling rapid eye movement sleep, whereas
during episodes of “quiet sleep,” fetuses are
largely apneic, with an adducted glottis (3). Most
FBMs generate transpulmonary pressures of <20
cmH2O, and as the chest wall is very compliant,
regions of the chest wall collapse during inspir-
ation as the diaphragm contracts (4). As a result,
liquid tidal volumes are small and difficult to
measure (2). Fetuses near term can make large
inspiratory efforts (>30 cmH2O) (5), demonstrat-
ing that they are capable of generating the large
transpulmonary pressures needed to rapidly
aerate the lungs after birth (6). Leading up to
and particularly during active labor, the
incidence of FBMs is reduced. Although the
mechanisms are not well understood, the release
of prostaglandins from the placenta and adeno-
sine from the liver and placenta may suppress
FBMs (1,7).

The factors that trigger the onset of large
inspiratory efforts at birth are not clear but are
thought to include activation of chemoreceptors,
increased PaCO2 levels, loss of inhibitory factors
on respiratory center activity and physical stimuli
(light, temperature, and handling). During par-
turition the infant may become hypercapnic,

which is a powerful stimulant for respiratory
drive both before and after birth and could con-
tribute to the large respiratory efforts. Although
central and peripheral chemoreceptors are active
in the fetus (8), their sensitivity may be tonically
suppressed by factors released from the placenta
into the fetal circulation (9). When the umbilical
cord is cut at birth and the placenta is removed
from the fetal circulation, there may be an
increased ventilatory sensitivity to CO2 due to
the removal of an inhibitory factor of placental
origin. Such factors could include prostaglandin
E2 (PGE2), adenosine and progesterone metabol-
ites (9, 10), which are thought to act at the level of
the brain stem (11).

At birth, the infant is also exposed to lower
environmental temperatures resulting in
increased heat loss. The fetus will also be exposed
to greatly increased external sensory stimuli, and
the behavioral state will change to arousal, which
could also be attributed to the removal of placen-
tal factors (12). Data on physical stimuli are
scarce, although cooling lambs at birth elicits
normal quiet breathing, but no large initial
inspiratory efforts (13). In contrast, painful stim-
uli elicit gasps in anesthetized lambs with an
intact umbilical cord, but not sustained respira-
tory movements (14).

During parturition, the infant may become
mildly hypoxic. Although hypoxia is a stimulus
for respiratory drive in adults, it remains ques-
tionable if hypoxia contributes to the increased
respiratory drive at birth (5,15). Hypoxia is a
potent inhibitor of FBM prenatally due to direct
inhibitory neural input to the respiratory center
from a region located in the upper lateral
pons (16). Although it is unclear when this
inhibitory effect is removed, the hypoxic sensi-
tivity is low in newborns shortly after birth (5).
Then during the first few weeks after birth, hyp-
oxia increasingly stimulates respiratory drive due
a temporal change in O2 sensitivity (5). Thus,
immediately after birth, hypoxia may inhibit
respiratory drive and cause adduction of the
glottis, particularly in preterm infants. Indeed,
in preterm lambs, maturation of the increase in
O2 sensitivity is delayed (5). On the other hand,
hyperoxia could also inhibit the chemoreceptors,
as a delay in onset of breathing was observed
in asphyxiated infants and animals resuscitated
with 100% oxygen (17). Although the pathways
are largely unidentified, lung volume receptors
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(pulmonary stretch receptors) may have essential
role in breathing at birth (18,19). Volume recep-
tive vagal feedback at end-expiration, which
is normally maintained by an adequate FRC, is
essential for continuous breathing in the
newborn.

Airway Liquid Clearance and Lung
Aeration at Birth
Airway Liquid Clearance Before Labor
In utero, lung development is largely dependent
on the volume of liquid retained within the fetal
airways. This liquid is secreted by the pulmonary
epithelium and maintains the lungs in a distended
state at a volume that is greater than the volume
of air in the lung (FRC) after birth. It is question-
able whether lung liquid clearance normally
begins days before labor onset because the pro-
posed mechanisms such as a reduction in lung
liquid secretion rates cannot be verified experi-
mentally (20). Indeed, a reduction in fetal lung
liquid secretion rates simply results in a simultan-
eous reduction in liquid loss via the trachea,
resulting in no net change in lung liquid volume
(21,22). Similarly, other studies have failed to
show a decrease in lung liquid volumes before
labor onset unless the pregnancy was associated
with reduced amniotic fluid volumes (20). Based
on these findings (23,24), the suggestion that lung
liquid volumes decreased in the week before birth
may have been based on an experimental artifact
(amniotic fluid loss following fetal surgery) (4).
More recent studies have shown that healthy
fetuses near term with normal amniotic fluid
volumes do not have a decrease in lung liquid
volumes (20).

As the fetal respiratory system is very compli-
ant, only small changes in transpulmonary pres-
sures are needed to cause large changes in lung
liquid volumes late in gestation. Thus, simple
changes in fetal posture, which markedly increase
the transpulmonary pressure gradient, will
increase lung liquid loss (23). For instance, lung
liquid loss could occur from decreases in intra-
uterine volume, caused by amniotic liquid loss,
the presence of a twin, or nonlabor uterine con-
tractions. These pregnancy related events can
increase flexion of the fetal trunk, increase
abdominal pressure, elevate the diaphragm, and
increase lung liquid efflux via the trachea (4).

Airway Liquid Clearance During Labor
The “vaginal squeeze” leading to large “gushes” of
liquid following delivery of the infant’s head is
still considered an important mechanism for
airway liquid clearance by perinatal caregivers
(25). However, as delivery of the chest offers
little resistance as it passes through the birth canal
compared to the head and shoulders makes it
unlikely that a “vaginal squeeze” per se signifi-
cantly influences liquid clearance (26). Instead,
large amounts of liquid can be lost in response to
changes in fetal posture caused by membrane rup-
ture and amniotic fluid loss in association with
uterine contractions and shortening of the myo-
metrium. These events increase transpulmonary
pressure gradients and lung liquid loss in both
sheep (23) and humans (27). Indeed, marked
reductions in airway liquid volumes were observed
shortly after labor onset in sheep (indicated by
uterine EMGs), many hours before the second
stage of labor commences (20).

Until recently, the primary mechanism
driving airway liquid clearance was thought to
involve activation of amiloride-inhibitable epithe-
lial Na+ channels (ENaCs) (2,28), which reverses
the osmotic gradient across the pulmonary epi-
thelium that normally drives fetal lung liquid
secretion. Increased release of circulating adrena-
line and arginine vasopressin (AVP) during the
stress of active labor induces a cAMP-mediated
activation of ENaCs (2). This leads to Na+ and
Na+-linked chloride ion flux across the pulmon-
ary epithelium, from lumen into the interstitium,
reversing the osmotic gradient and liquid move-
ment across the epithelium (28). Indeed, adrena-
line and AVP can inhibit fetal lung liquid
secretion and initiate liquid reabsorption, but
only late in gestation. Furthermore, the ability of
adrenaline and AVP to stimulate lung liquid
reabsorption increases in an exponential-like
manner close to term and is dependent on the
actions of both cortisol and triiodothyronine (T3)
(29–32). However, this mechanism is thought to
be inactive during preterm birth, which is consist-
ent with the finding that RNA transcripts for
epithelial sodium channels (ENaC) are virtually
undetectable in the lung of preterm infants (33).
Although this may partially explain why preterm
infants commonly have liquid retained in the
airways, the majority of preterm infants are able
to aerate their lungs and begin ventilation within
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minutes of birth, presumably in the absence of
this mechanism (34).

Airway Liquid Clearance at Birth
Although adrenaline-induced ENaC activation
likely plays a role, it is unlikely to be the primary
mechanism for airway liquid clearance at birth
(35,36). Indeed, ENaC activation-induced liquid
clearance is orders of magnitude too slow to clear
the airways of liquid within seconds to minutes
after birth (37,38). X-ray images (see following)
demonstrate that lung aeration occurs at a rate
of ~3mL/kg/sec during inspiration (36,39), which
is considerably greater than the maximum
reabsorption rates that can be achieved with
pharmacological doses of adrenaline (~10mL/kg/
h) (28,40,41). As a result, adrenaline would need
to be elevated for hours to clear the airways of all
liquid (28,40,41). Sustained high levels of adrena-
line would also result in a sustained tachycardia,
which does not occur in healthy infants after
birth (42). In addition, although ENaC knockout
mice (43,44) have respiratory failure, they can
survive for hours after birth (33,43). As lung
wet weights were increased, it was assumed that
adrenaline-induced activation of Na reabsorption
was disrupted by deletion of the α-ENaC gene
(43). However, these newborn mice also did not
feed well and had poor costal retractions, indicat-
ing that energy supply and inspiratory activity

were likely reduced (33). Indeed, deletion of β-
and γ-ENaC subunits did not cause respiratory
failure in newborn pups, despite reducing ENaC
activity sixfold (33). Similarly, infants that have
gene mutations that markedly reduce ENaC
activity (pseudoaldosteronism) do not have
respiratory failure at birth (45). Furthermore,
although ENaC inhibition with amiloride delays
liquid clearance in experimental animals (46,47),
it does not prevent lung liquid clearance from
occurring (48).

Recently phase-contrast X-ray imaging was
used to investigate in detail airway liquid clear-
ance after birth (35,36,49,50). Phase-contrast
X-ray imaging uses both absorption and the
refractive index differences between air and water
to produce contrast, allowing air/water boundar-
ies to be visualized (51). As the lung is 80% air
filled at FRC, this technique is ideal for imaging
the lung, allowing the small airways (including
alveoli) to be resolved with a high degree of spatial
resolution. By phase contrast x-ray imaging,
amiloride had no effect on airway liquid clearance
or FRC recruitment during mechanical ventila-
tion (50). Instead, amiloride increased the rate of
liquid reentry into the airways when the lung
was at FRC, thereby decreasing FRC between
inflations (Figure 9-1). Na+ reabsorption after
birth may help to keep the airways cleared of
liquid and to maintain FRC after the liquid has
been cleared (50).

Figure 9-1. (A) Changes in FRC of rabbit pups (30 days) treated with either an epithelial sodium channel blocker (amiloride;
filled circles) or saline (open circles) and mechanically ventilated from birth relative to mechanical breath number on the x-axis.
No difference in FRC was observed between the amiloride and saline-treated groups. (B) Rate of change in FRC during the expiratory
phase, in rabbit pups (30 days) ventilated from birth and treated with either an epithelial sodium channel blocker (amiloride;
filled circles) or saline (open circles); a negative value indicates a net reduction in FRC. The decrease in FRC was significantly greater
in the amiloride-treated group. Data redrawn from Siew, Wallace, Allison, et al. Pediatr Res. 2013 Apr;73 (4 Pt 1):443–449.
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Airway Liquid Clearance After Birth
Phase-contrast X-ray image sequences and simul-
taneous plethysmography of spontaneously
breathing term newborn rabbits at birth demon-
strate that lung liquid clearance occurs during
inspiration (36,39). The increase in transpulmon-
ary hydrostatic pressure gradients generated
during inspiration are likely responsible for the
majority of airway liquid clearance at birth. The
X-ray movie sequences clearly show that the air/
liquid interface only moves distally toward
the terminal airways during inspiration and,
although some proximal movement can occur
during expiration, little or no distal movement
occurs between breaths (36,39) (Figure 9-2). Thus,
liquid moves from the airways into the surround-
ing tissue during inspiration, and little or no liquid
reenters during expiration. As a result, FRC accu-
mulates with each breath and the FRC volume
increase equals the volume of liquid leaving the
airways (36,39) (Figure 9-3). These findings con-
firm the causal link between spontaneous
breathing and FRC accumulation after birth
reported using a variety of different animal models
(44,52).

Inspiration causes expansion-induced pres-
sure reductions in both the intrapleural space
and perialveolar interstitial tissue (36), which

generates a pressure gradient between the airways
and surrounding tissue (across the airway wall)
and between the lower and upper airways. These
pressure gradients drive liquid movement distally
through the airways and across the epithelium and
into the tissue. Within the perialveolar tissue, the
liquid forms into perivascular fluid cuffs, from
where it is gradually cleared via the pulmonary
vasculature and lymphatics (53). As this can take
hours, the retention of liquid within the tissue
causes pulmonary interstitial tissue pressures to
transiently (~4 h) increase (54) (Figure 9-4) and
the chest wall to expand immediately after birth
(39) (Figure 9-5). Chest wall expansion is required
to accommodate the increase in gas volume as well
as the volume of liquid within the interstitial tissue
that resided within the airways before lung aer-
ation (39). This understanding provides a rational
explanation for why an infant needs to have a
compliant chest wall at birth. That is, a compliant
chest wall will minimize the increase in interstitial
tissue pressure associated with increases in
intrathoracic volume. If the chest wall was not
compliant, the increased pressure required to
increase intrathoracic volumes would necessarily
increase interstitial tissue pressures to much
higher levels and increase the likelihood of liquid
reentry into the airways at FRC.

A B

C

Figure 9-2. Phase-contrast X-ray
images acquired during lung aeration
in a spontaneously breathing term
rabbit pup. The three images show a
close-up view of the non-dependent
lower right bronchus for consecutive
breaths. (A) Before inspiration, the
larger airways are aerated, and the air–
liquid interface is visible in the large
proximal airways. (B) Following the
subsequent inspiration, some smaller
airways have aerated, and the air–liquid
interface has moved more distally. In
between inspirations there is very little
or no proximal or distal movement of
the air-liquid interface (C).
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Small transient (~4h) increases in interstitial
tissue pressure normally occur at birth (54), which
facilitates liquid reentry into the airways. This is
consistent with a gradual decline in FRC that was
noted between breaths (36,50), but the rate of
liquid reentry is considerably slower than the rate
at which it leaves the airways during inspiration,
largely due to the differences in pressure gradients
(36, 50). Furthermore, the more airway liquid
present at birth, the greater the volume of liquid
that must be accommodated in the interstitial
tissue compartment. As this compartment has a
fixed volume, this will lead to higher interstitial
tissue pressures and a greater potential for the

reentry of liquid into the airways. This explains
why infants born by caesarean section are more
likely to have “wet lung” or transient tachypnea of
the newborn (44). To prevent reentry of lung
liquid these infants perform expiratory braking
maneuvers (grunting) and have tachypnea. Con-
tinuous positive airway pressure (CPAP) is an
effective treatment for “wet lung.”

The Consequences of Lung Recoil
Although lung volumes are commonly thought to
be similar after birth and during fetal life, the
generation of surface tension when air enters

A
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Figure 9-3. Plethysmograph
recording of the first breaths of a
spontaneously breathing term rabbit
pup after birth. Each rapid large
increase in lung volume (in mL/kg) is
an inspiratory effort and results in a
stepwise accumulation of FRC after
each breath. The phase contrast X-ray
images were acquired immediately
before (image B) and immediately after
(image C) an inspiration effort,
demonstrating the degree of lung
aeration achieved with one breath.
Data redrawn from Siew, Wallace,
Kitchen, et al. J Appl Physiol. 2009
Jun;106(6):1888–1895.
Following the next inspiration, some
terminal airways become visible.

Figure 9-4. Pulmonary interstitial
tissue pressure measured in a term
rabbit lung immediately after birth.
As the lung aerates, liquid leaves the
airways and enters the interstitial
tissue compartment at a much greater
rate than it is cleared from the tissue
by the lymphatics and blood vessels.
As a result, pressures initially
increase before they decrease and
remain subatmospheric. Data redrawn
from Miserocchi, Poskurica Del. J Appl
Physiol (1985). 1994 Nov;77(5):2260–
2268.
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the lung increases lung recoil and causes resting
lung volumes to decrease after birth, despite the
presence of surfactant. As air is compressible, it is
less able to oppose the increase in lung recoil
caused by surface tension and, combined with the
absence of the distending influence of lung liquid,
leads to a reduction in lung expansion (2, 4). This
reduction helps to explain a number of physio-
logical changes that occur after birth. For instance,
the increase in lung recoil and the partial collapse
of the lung away from the chest wall explains why
intrapleural pressures become subatmospheric
after birth (55). Before birth, intrapleural pressures
are similar to ambient (amniotic fluid) pressure
(55), but within hours of birth, they decrease to
2–4 cmH2O below atmospheric pressure (54,55).
This indicates that the mechanical load experi-
enced by the chest wall has increased with the
increase in lung recoil, which likely is important
for stiffening the chest wall after birth (56). Simi-
larly, as the liquid is cleared from the interstitial
tissue space after birth, interstitial tissue pressures
decrease and become subatmospheric and are
similar to intrapleural pressures (54). As a result,
the interstitial tissue/capillary wall transmural
pressures must increase to facilitate capillary
recruitment and expansion, which will help sustain
the reduction in pulmonary vascular resistance
(PVR) after birth (see below).

In addition, the decrease in lung expansion has
a profound effect on alveolar epithelial cell (AEC)

populations (57). Although increased fetal lung
expansion increases the proportions of type-I
AECs (57), a reduction in lung expansion leads
to increased transdifferentiation of type I AECs
into type-II AECs (surfactant-producing cells)
(58). The proportion of type-I AECs decrease
from 60–65% in the fetus to ~30% in the newborn,
whereas the proportion of type-II cells increase
from ~30% to 50–55% after birth (59).

Hemodynamic Consequences of Lung
Aeration
The fetal circulation has two shunts, the foramen
ovale (FO) and ductus arteriosus (DA), which
allow both ventricles to work independently and
to supply output to the systemic circulation. The
FO allows venous return to bypass the right side of
the heart and directly enter the left atrium,
whereas the DA shunts blood from the main pul-
monary artery into the descending aorta. As a
result, in fetal sheep, the right ventricle (RV) pro-
vides 66% of combined ventricular output, with
33% coming from the left ventricle (LV) (60).
Before birth PVR is high and PBF is low (61),
and only a small proportion (~10%) of RV output
flows through the lungs, with the majority bypass-
ing the lungs and entering the systemic circulation
through the DA (right-to-left shunting) (60). Fetal
PBF is not persistently low, as is commonly
reported, but can vary 10-fold, depending on fetal
activity, particularly late in gestation (62). For
instance, FBMs significantly increase PBF due to
a decrease in PVR, which is thought to result from
an increase in the capillary/interstitial tissue trans-
mural pressure (62). This increase in transmural
pressure causes capillary distension and recruit-
ment, which increases PBF in close association
with inspiratory effort. Each individual FBM
causes large changes in the PBF waveform,
although the predominant effect is a marked
reduction in the amount of retrograde flow during
diastole, which is indicative of reduced PVR (62)
(Figure 9-6).

The consequence of a high PVR and a low
PBF in the fetus is that pulmonary venous return
is unable to provide sufficient preload to sustain
LV output. Instead, preload for the LV is primar-
ily derived from umbilical venous return in
the fetus, which flows via the ductus venous,
inferior vena cava, and FO directly into the left
atrium (60).

Figure 9-5. Phase-contrast X-ray imaging showing rib
positions before and after lung aeration. The ribs are positioned
more horizontally and displaced laterally after lung aeration,
indicating a substantially increased thoracic volume caused by
the increase in air volume (without the loss of liquid, which has
accumulated in interstitium)
Reprinted with permission from Hooper, Kitchen, Wallace, Yagi, Uesugi,
Morgan, et al. FASEB J. 2007 Oct;21(12):3329–3337.
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As the umbilical circulation is a low resistance
vascular bed, it receives ~30–50% of the combined
ventricular output of the fetus (60). As a conse-
quence, umbilical venous return is large (30–50%
of total) and supplies the majority of LV preload
in the fetus. Thus, clamping the umbilical cord at
birth provides a major disturbance to the fetal
circulation, particularly to afterloads and the
supply of venous return and preload for both
ventricles (63). Specifically, removal of the low-
resistance umbilical circulation with cord
clamping markedly increases downstream periph-
eral resistance (63). This results in ~30% increase
in arterial blood pressure over the first four heart-
beats after cord clamping, which in turn causes a
transient, pressure-driven increase in cerebral
blood flow (63). However, both RV and LV
output then markedly decrease (by ~50%), mostly
due to the loss of umbilical venous return caused
by umbilical cord clamping (63, 64). This large
reduction in preload decreases cardiac output
and causes a transient decrease in blood pressure
(63, 64). Cardiac output remains low, due to
the low preload, until ventilation increases PBF.
At this time, the rapid and large increase in PBF
restores preload to the LV by increasing pulmon-
ary venous return, thereby markedly increasing
cardiac output. The increase in PBF also likely
restores some preload to the RV, presumably via
left-to-right flow through the FO, as RV output
also rapidly increases (63).

The increase in PBF at birth is essential for
pulmonary gas exchange and to replace umbilical
venous return as the primary source of preload
for the LV. The increase in systemic vascular
resistance with umbilical cord clamping and
decrease in PVR with lung aeration has the net
effect to decrease PVR below systemic vascular
resistance with a reversal in blood flow (from

right-to-left to left-to-right) through the DA
(64). Within ~10–20 mins of the onset of ventila-
tion in lambs, the extent of the left-to-right
shunting through the DA is so large that the LV
contributes up to ~50% of PBF, resulting in a
substantial LV–lung–LV short circuit within the
systemic circulation (64). The consequence of this
is an increase in cardiac output, which in turn
causes a rebound increase in arterial pressure and
carotid blood flow (63). Thus, following umbilical
cord occlusion, the loss of umbilical venous
return and preload causes substantial reductions
in cardiac output (CO), which cannot be restored
until the lung aerates and PBF increases. This
represents a major disturbance to the fetal cir-
culatory system, resulting in large swings in
CO that cause large changes in blood pressures
and flows. To avoid these large swings in CO,
umbilical cord clamping should be delayed until
after ventilation has commenced and PBF has
increased. Delayed cord clamping allows the
source of preload for the left ventricle to switch
from the umbilical circulation to pulmonary
venous return without significant interruption
(63). As a result, CO does not decrease following
cord clamping, and heart rates remain much
higher (63). Interestingly, the 30% increase (over
four heartbeats) in arterial blood pressure caused
by cord clamping is also greatly reduced when
cord clamping follows lung aeration, indicating
that the decrease in PVR can mostly compensate
for the increase in systemic vascular resistance
caused by cord clamping (63). This suggestion is
consistent with the finding that, following lung
aeration, despite a decrease in PVR, shunting
through the DA remains right-to-left while
the umbilical cord is open (unclamped) (63). This
indicates that downstream resistance in the sys-
temic circulation remains lower than the

Figure 9-6. A diagrammatic
representation of the circulations
before and after birth. Lung aeration
after the disconnection of the infant
from the placental circulation increases
PBF, reverses ductal flow, and
establishes a LV-lung-LV short circuit
(dotted lines) that maintains LV output.
UA; umbilical artery. UV; umbilical vein.
DV; ductus venosus. IVC; inferior vena
cava. RA; right atrium. LA; left atrium.
RV; right ventricle. FO; foramen ovale.
LV; left ventricle. PA; pulmonary artery.
DA; ductus arteriosus.
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pulmonary circulation. However, immediately
(within seconds) after the cord is clamped, flow
through the DA switches and becomes left-to-
right, indicating that after removal of the umbil-
ical circulation, downstream resistance is lower in
the pulmonary circulation than in the systemic
circulation (63).

Changes in the Ductus Arteriosus Flow
at Birth
After birth, the large decrease in PVR and increase
in systemic vascular resistance, reverses the pres-
sure gradient across the DA and blood predomin-
antly shunts from left-to-right (from the systemic
to the pulmonary circulation) (64). As a result,
retrograde flow in the left and right pulmonary
arteries quickly decreases (within minutes of
birth), resulting in only forward flow through the
pulmonary arteries even during diastole (64).
However, the DA flow profile is complex with
small amounts of right-to-left shunting persisting
during peak systole, whereas for the remainder of
the cardiac cycle blood flows mostly left-to-right
(64). This transition occurs in ventilated lambs
and in spontaneously breathing term infants born
by caesarean section (65). While the DA remains
open, blood will pass between the pulmonary and
systemic circulations, depending on the pressure
gradient across this vessel, thereby preventing any
substantial decrease in pulmonary arterial pres-
sure. Functional closure of the DA begins within
hours of birth in lambs and is clearly evident
by the substantial decrease in both absolute DA
flow, but most particularly by the pulsatile
DA flow caused by ventricular contraction and
relaxation (64). Although mediators responsible
for DA closure have been identified, it is interest-
ing to speculate whether the anatomic relationship
between the pulmonary artery, DA and the des-
cending aorta could be involved. Indeed, consider-
able turbulence must occur at this site when blood
flow through the DA switches from right-to-left to
left-to-right, which could elicit the local release
of endothelial-derived vasoactive factors that con-
tribute to constriction of the DA.

Strategies to Support Preterm
Infants Failing Transition
For the majority of infants, the transition to new-
born life is uneventful, and no intervention by the

caregiver is needed. However, approximately
3–5% of infants require some form of interven-
tion, usually respiratory support at birth (66). On
most occasions resuscitation is needed because
respiratory drive is absent (asphyxia) or is insuffi-
cient due to immaturity (preterm infants).
Adequate ventilation is then the key to successful
resuscitation, and chest compressions or medica-
tion are rarely needed (67).

Preterm infants (< 32 weeks’ gestational age)
have more difficulties aerating their lungs than
term infants (38), and approximately 60% of pre-
term infants need respiratory support at birth
(68). Although most preterm infants breathe at
birth, hypoxia during labor and at birth can
inhibit their respiratory drive. Similarly, inspira-
tory efforts that are too weak to generate pres-
sures to overcome the high surface tension and
frictional forces associated with moving liquid
through their airways will not achieve effective
lung aeration. In addition, their respiratory
muscles are underdeveloped, which contributes
to their inability to generate sufficient pressure
when there is insufficient surfactant (38). Further,
the compliant chest wall leads to inward deform-
ation during diaphragmatic contraction, thereby
reducing the inspired tidal volume. The chest wall
is also unable to resist lung recoil, which reduces
resting lung gas volumes at end expiration (69, 70).
Also adrenaline driven ENaC activation, which
assists in preventing lung liquid returning to the
airways, is largely absent in preterm infants, who
are less able than term infants to maintain airways
free of liquid (71,72).

Facilitating Lung Liquid Clearance and
Lung Aeration in Preterm Infants
As the resistance to liquid flow through an airway
is about 100 times greater than air, for a given
pressure gradient the flow of liquid will be orders
of magnitude slower than air. To overcome this
higher resistance, either higher pressures or
longer inflation times (i.e., greater pressure-time
integral) are needed. To avoid the use of high
pressures, a theoretically better alternative is to
prolong the time over which the inflation pressure
is applied (sustained inflation) (73). Our natural
tendency is to think that inspiration should be
brief and followed by expiration, as the function
of expiration is to clear the lungs of CO2.
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However, when the distal airways are liquid filled,
no gas exchange can occur, and so expiration
serves no purpose.

In a series of preterm animal studies, sus-
tained inflation pressures for up to 20 s duration
aerated the lungs from the first inflation. Sus-
tained inflations were also associated with more
uniform aeration across the lung, a larger FRC
and more consistent volume during consecutive
tidal ventilation (74–76). Similarly, sustained
inflations of 5 s were effective at aerating the lung
of intubated asphyxiated term infants (77). Cur-
rently only limited clinical data on the effects of
sustained inflations for ventilating preterm
infants at birth are available. Lindner reported in
a retrospective cohort study the use of a sustained
inflation of 15–20 s in a noninvasive approach in
very preterm infants (78). The study was repeated
in a small randomized trial comparing a sustained
inflation of 15 s with standard PPV. Although
recruitment was slow and the study was stopped
early, there was a trend for a lower rate of subse-
quent CPAP-failure in the sustained inflation
group (79). Harling et al. randomly assigned pre-
term infants (n = 52) to a 2 versus a 5 s initial
sustained inflation and found no difference in
pro-inflammatory pulmonary cytokines as the
primary outcome (80). Te Pas et al. used a sus-
tained inflation of 10 s followed by CPAP in a
delivery room strategy with a nasal tube and neo-
puff as compared to standard mask and bag
ventilation. The rate of infants needing intubation
and mechanical ventilation and the rate of
bronchopulmonary dysplasia (BPD) decreased,
but the specific contribution of sustained inflation
was not isolated in this latter study (81). More
recently a strategy using initial sustained
inflations with positive end expiratory pressure
(PEEP)/CPAP immediately after birth reduced
the rate of intubation/mechanical ventilation
and BPD in preterm infants as compared to his-
torical controls using intermittent positive
pressure ventilation (IPPV)/CPAP (82).

No specific recommendations have been made
for the use of sustained inflations in international
resuscitation guidelines. There are concerns of
overinflation, which can cause lung injury in
animals when using high inflation pressures
(83, 84). However, sustained inflation did not
cause overdistention in the imaging studies that
accurately monitored lung distension (74, 75).
Similarly the concern that a sustained inflation

will impede the increase in PBF at birth was not
confirmed in a preterm lamb study. The increase
of PBF at birth was similar in lambs given a
sustained inflation (40 cmH2O for 1 min or to
a volume of 20 mL/kg) or ventilated with conven-
tional PPV (76). However, oxygenation and
respiratory function were markedly improved
in the sustained inflation group. Similarly, no
relevant adverse effects using sustained inflations,
such as increased rates of pulmonary air
leaks, intraventricular hemorrhage (IVH) or
negative hemodynamic effects were reported in
the randomized trials (79, 81, 82). On the con-
trary, Fuchs et al. demonstrated with near-
infrared spectroscopy (NIRS) measurements that
sustained inflation in preterm infants at birth
increased cerebral oxygen saturation at least as
fast as in full-term infants not requiring any
respiratory support (85). In preterm lambs a sus-
tained inflation is just as injurious as conventional
PPV, although the peak inflating pressures used
in that study were 50 cmH2O, which may have
resulted in some overdistension (86). Another
recent preterm lamb study indicated that a pro-
longed (over minutes) lung recruitment strategy
that used stepwise increases (to 20 cmH2O)
and decreases in PEEP was a more effective strat-
egy than a sustained inflation for improving
respiratory function at birth (87). However, con-
sidering that this strategy will be applied for min-
utes and that high PEEP levels can have severe
effects on PBF (see following), this approach is
likely to have a major detrimental impact on
cardiovascular function. Further studies are
needed to assess the appropriate pressure and
inflation duration that will effectively aerate the
lung without causing injury.

Maintaining FRC after Birth
To maintain FRC immediately after birth, preterm
infants have to oppose two major counterforces:
the increase in lung recoil caused by surface tension
and supra-atmospheric pressures within the inter-
stitial tissue that promote liquid reentry into the
airways. Preterm infants frequently use expiratory
braking maneuvers to prevent distal airway col-
lapse and/or to prevent liquid from entering the
airways (37,50). The infant actively expires against
a closed/adducted glottis, thereby sustaining a
supra-atmospheric pressure in the airways to pre-
vent loss of FRC. In addition, by reducing surface
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tension within the surface film lining the internal
alveolar surface, surfactant makes the pressure
within this film less negative and thereby reduces
the transepithelial pressure gradient for alveolar
flooding. When the respiratory effort and surfac-
tant are insufficient, an external end expiratory
pressure can be applied via mask or tube as a CPAP
or PEEP during ventilation (Figure 9-7) (73) There
are very little data on the optimal PEEP/CPAP level
at birth, but undoubtedly the pressure will vary
between infants and with the time after birth.
Indeed, the optimum PEEP/CPAP level will be a
counterbalance between respiratory and cardiovas-
cular effects. For instance, in preterm lambs venti-
lated from birth, PEEP levels above 8
cmH2O improve oxygenation but adversely affect
PBF by increasing PVR. As a result the PBF wave-
form is markedly altered, reestablishing retrograde
flow during diastole, which is characteristic of the
fetal state (88). Recent phase-contrast X-ray
imaging studies have shown that a more uniform
distribution of ventilation can be achieved by initi-
ating ventilation with a high PEEP level of 10
cmH2O (89). After lung aeration, small and
stepped reductions in PEEP result inmore uniform
changes in ventilation than do starting with lower
PEEP levels and then increasing the PEEP (89). To
avoid mechanical ventilation–associated injury,
many caregivers prefer the gentle approach of
using noninvasive ventilation. Several large ran-
domized trials demonstrated that early CPAP after
birth is a good alternative for endotracheal intub-
ation, mechanical ventilation, and surfactant treat-
ment. However, in the trials this “early” CPAP is
applied after most of the infants were stabilized
with PPV (90).

The Use of Oxygen
Hyperoxemia (high oxygen levels in blood) can
lead to hyperoxia (high oxygen concentrations in
tissue), causing oxidative stress and tissue injury
(91,92). Excessive oxygen exposure should be
avoided in infants during stabilization at birth.
Meta-analyses indicate that resuscitation of term
infants at birth with air significantly reduced
mortality compared with infants resuscitated with
100% oxygen (91–96). Recently updated inter-
national resuscitation guidelines now recommend
that respiratory support in term infants should
start with air (92,97,98). Less clinical data are
available for preterm infants, although hyperoxia
at birth may increase the risk of BPD (99). As a
result, current recommendations suggest using
oxygen judiciously during stabilization of preterm
infants at birth (92,97,98). On the other hand,
hypoxia is known to inhibit breathing in the fetus
(16) due to a direct inhibitory input into the
respiratory center from higher brain centers
(16). Although a temporal change in O2 sensitiv-
ity occurs in days/weeks after birth (5) and most
preterm infants breathe at birth (34,100), it is not
known when the switch from respiratory suppres-
sion to stimulation occurs in response to hypoxia.
It is possible that hypoxia immediately after birth
will cause a weakened or absent respiratory drive,
particularly in preterm infants, who are essentially
exteriorized fetuses. Indeed, maturation of the
hypoxic sensitivity for breathing is delayed in
preterm lambs (5).

The optimal inspired oxygen content required
to avoid hypoxia as well as hyperoxia remains
unclear. In small randomized trials, hyperoxia

Figure 9-7. Plethysmography
recordings of preterm rabbit pups
ventilated from birth with (top panel) or
without (bottom panel) PEEP. When
ventilated with 5 cmH2O, PEEP lung
volume at end expiration increases after
which it remains stable. In contrast,
when a pup was ventilated without
PEEP (0 cmH2O), no FRC accumulated.
The estimated dead space volume is
indicated by the dotted line, indicating
that volume in the lung only increased
above the dead space volume briefly
during inspiration with 0 PEEP. As result,
gas exchange is restricted to the brief
period during inflation and does not
occur throughout the respiratory cycle.
Data redrawn from Siew, te Pas, Wallace,
et al. J Appl Physiol. 2009 May;106
(5):1487–1493.
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occurred more often in preterm infants when
resuscitation started with high oxygen concentra-
tions (99, 101–103). However, most infants
started with 21% or 30% oxygen required
increases in inspired oxygen levels to meet the
target oxygen saturation (SpO2) in the first min-
utes of life (99,101–103). However, these studies
were performed before the normograms of SpO2

percentiles (104) were introduced and higher
target ranges were used (99, 101–103).

It is commonly assumed that the sensitivity
of the pulmonary vasculature to oxygen differs
between term and preterm infants and persist-
ent hypoxia is caused by a failure of the pul-
monary vasculature to sufficiently dilate at birth
in the absence of supplemental oxygen (103).
However, experimental studies have shown that
the decrease in PVR at birth is mostly related to
ventilation onset and that oxygen has a much
smaller impact, which appeared to be additive
with ventilation (76,105,106). Also, Sobotka
et al. found that increasing FiO2 to 1.0 in lambs
who were hypoxic and difficult to ventilate
markedly improved blood oxygenation, but
had no effect on ventilation variables (lung
compliance), PaCO2, or PBF (76). This supports
the hypothesis that increased oxygenation
after increasing the FiO2 to 1.0 is achieved by
increasing the partial pressure gradient for
oxygen diffusion across the air/blood barrier
to compensate for a limited surface area and
associated ventilation perfusion mismatch (76).

Mask Ventilation
The success of ventilation strategies to support
respiratory function at birth in the newborn is
largely dependent on the technique and strategy
applied. In most neonatal units, the initial
approach is to use noninvasive ventilation that is
applied using a face mask. In studies using respira-
tory functionmeasurements, face mask ventilation
was difficult, and the delivered tidal volumes were
often inadequate (34,107). Mask leak and obstruc-
tion frequently occur and together with the use of
inadequate pressures, the tidal volumes are often
below dead space volume (34,107). Furthermore,
although experimental studies have demonstrated
beneficial effects of applying an initial sustained
inflation at birth, it has been difficult to duplicate
these benefits with mask ventilation in preterm
infants at birth due to similar problems (108).

Although the source of the obstruction is unclear,
it is possible that during the pressure inflation the
infant’s glottis is closed. As a result, when the
infants take a breath during the sustained inflation,
the glottis opens, and large volumes enter the lung.
In some apneic infants, breaths appeared to be
triggered during the sustained inflation but then
the infant remained apneic. It is possible that
applying a pressure to the pharynx during the
sustained inflation may have induced a respiratory
reflex that stimulated breathing, as demonstrated
in cats (109,110), and that this stimulus was
removed following the sustained inflation
(Figure 9-8). It is also possible that the pressures
used for the sustained inflations were too low to
overcome the resistance of the liquid-filled lung.
Before we can translate the beneficial effects of a
sustained inflation into clinical practice, we need
to develop more effective strategies that will allow
the inflation pressures developed during a sus-
tained inflation to reach the airways.

Considering the difficulties caregivers have
with the use of face masks, alternative interfaces
have been suggested, including a nasal tube
(111,112). The recently completed MOUNTAIN
trial compared the effect of face masks versus
nasal tubes during noninvasive ventilation at
birth (113). As the rates of intubation were similar

Figure 9-8. A respiratory function recording of an initial
sustained inflation given to an apneic preterm infant at birth.
The pressure is displayed in the top panel (cmH2O), gas flow
into and out of the face mask is displayed in the middle panel
(mL/min), and the gas volume (mL) moving into the lung is
displayed in the bottom panel. Large breaths are observed
when the sustained pressure is applied, but the infant remains
apneic after the sustained inflation. Data redrawn from van
Vonderen, Hooper, Hummler, Lopriore, te Pas. J Pediatr. 2014
Nov;165(5):903–908.
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between the groups and complications of using
each interface were infrequent, the trial concluded
that either interface could be used and that a nasal
tube may be a good alternative to a face mask
(113). However, measurements of respiratory
function during nasal tube ventilation showed
that the tidal volumes were often too low. The
low tidal volumes resulted from high rates of leak
and obstruction as compared with face mask ven-
tilation. Leak-free ventilation was more difficult
with a nasal tube, even when the contralateral
nostril and mouth were closed. It is also possible
that the tip of the tube was against the posterior
wall of the nasopharynx, causing obstruction.

Recent studies have demonstrated that during
resuscitation at birth the mask ventilation given
was not effective until the infant took a breath
(34, 107). However, breathing is difficult to
observe and is therefore often missed clinically,
especially in preterm infants covered in a wrap to
prevent hypothermia (114). Respiratory function
monitoring (RFM) can be used to detect spontan-
eous breathing (34,114,115), and although the
spontaneous breaths are not always at a sufficient
rate or tidal volume for detection, spontaneous
breaths usually yield larger tidal volumes than
mechanical inflations. In addition, when a spon-
taneous breath coincides with the mechanical
inflation, the resulting tidal volume is much
larger. Although the presence of breathing in pre-
term infants likely influences the caregiver’s deci-
sion for whether additional ventilation is
required, caution is needed when giving these
inflations. In particular, when the breaths and
inflations occur in and out of synchrony in a
random manner, problems can arise. When infla-
tions and spontaneous breaths coincide, inadvert-
ently high transpulmonary pressures can occur,
resulting in high tidal volumes and an increased
risk for lung injury and air leaks (34,107,116). On
the other hand, when they do not coincide, the
inflation pressure may be too low to produce a
sufficient tidal volume. The caregiver then may
increase the inflation pressure, which may be
injurious when the spontaneous breath occurs
with the mechanical breath (117).

Ventilation Induced Injury at Birth
Although most clinical trials in delivery room
management have failed to show a decrease
in morbidity and mortality, there is much

experimental data demonstrating that the respira-
tory support given at birth can injure the preterm
infant, with potentially lifelong consequences. In
addition, large clinical studies in very preterm
infants reported higher mortality rates and an
increased risk of lung and brain injury with
increasing levels of delivery room resuscitation
(118–120). At birth, the lungs of very preterm
infants are uniquely susceptible to injury because
they are structurally immature, surfactant defi-
cient, liquid filled, and not supported by a stiff
chest wall (38). The gas volume and compliance of
the lung in newborn infants greatly changes over
the first few breaths as airway liquid is replaced
with air. This highlights the large differences
in regional lung mechanics that occur when the
lung only partially aerates (121). Spontaneously
breathing infants develop high transthoracic pres-
sures over the first few breaths, and relatively high
positive pressures are required to initiate mech-
anical ventilation (6). However, compliance
rapidly increases as more of the lung aerates,
resulting in lower pressure requirements to
achieve a functional tidal volume (VT) with sub-
sequent breaths. In addition, although the lung,
heart, and brain are often considered independ-
ently, they are intimately linked, particularly
during transition at birth. Treatments aimed to
provide respiratory support for the lungs can have
severe adverse consequences for the preterm heart
and brain (122). For example, PPV not only
can cause lung injury, but also can adversely
affect the cardiovascular system, systemic circula-
tion, and cerebral circulation. Similarly, inflam-
mation resulting from lung injury can induce a
systemic inflammatory response that includes the
brain (122).

Lung Injury During Clearance of Lung
Liquid and Lung Aeration
At birth, the liquid-filled immature lungs of pre-
term infants are very vulnerable to injury. When
tidal ventilation is applied to a partially liquid-
filled lung, the inflation pressure and the short
inflation time (usually < 0.5 s) may be sufficient
to only inflate aerated lung regions. In liquid-
filled regions, the pressure-time integral of
normal ventilation is far too low to overcome
the resistance to moving liquid distally through
the airways. Instead, gas only flows into aerated
regions, overdistending them and causing
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regional volutrauma. For example, 5 mL/kg
equates to 15 mL/kg if only one-third of the lung
is aerated and the remaining two-thirds are liquid
filled. Combined with a compliant chest wall,
regional overdistension injury at a given airway
pressure may be large.

The site of injury in the lung is not restricted
to the distal gas exchange regions, as smaller
conducting airways that contain little collagen
are also susceptible to injury (123,124). In pre-
term sheep, airway stretch occurs during initi-
ation of ventilation, and initial injury is localized
primarily to the bronchioles and respiratory
bronchioles (124). Also, the shear stress caused
by the movement of the air/liquid interface across
the epithelial cells can distort and injure the epi-
thelium of the small airways. As the initial venti-
lation may be given before much of the
endogenous surfactant is secreted, there may be
no protective effect of surfactant (125).

Preterm infants have a smaller inspiratory
reserve volume than term infants, and therefore
the volume difference between FRC and total
lung capacity (TLC) is smaller (126). Preterm
infants have an FRC of 11 mL/kg and a TLC of
19 mL/kg (13), while term infants have an FRC
of ~20 mL/kg and a TLC of 43–52 mL/kg
(126,127). Thus, in preterm infants, a tidal
volume above 8 mL/kg may distend the lung
above TCL and cause injury (123,128). This is
because spontaneously breathing preterm infants
have a mean tidal volume of 4.4 (range 2.6–7.2)
mL/kg (37). As five large rapid inflations at birth
can cause lung injury (83) and abolish the benefits
conferred with surfactant treatment (125), it is
often assumed that overinflation per se is the root
cause of ventilation-induced lung injury. Indeed,
injurious ventilation, using large tidal volumes
induces acute phase injury response genes (129).
However, the tidal volumes used in those
studies were very large, either 15 mL/kg (129) or
35–40 mL/kg (83), and therefore, it is not surpris-
ing that they caused injury. As high inflation
rates, causing large shear stress, are also injurious
(130), it is not known whether it is large tidal
volumes per se or the high rate at which these
volumes are achieved that is primarily responsible
for the injury.

Currently caregivers use pressure-limited
devices for resuscitation in the delivery room,
but the tidal volume is not measured. Instead
of measuring volume, caregivers rely on chest

excursions, which are not a good indicator of tidal
volume (128). Many infants can receive inappro-
priate VT within minutes of birth (117). Indeed,
Dawson et al. measured the VT delivered during
resuscitation of preterm infants at birth with a
T-piece or self-inflating device. The tidal volume
ranged from 0 to >30 mL/kg (131), with the
majority (85%) of preterm infants receiving exces-
sively high VT (> 8 mL/kg) (131).

It will be difficult to define the safe tidal
volume range during mask ventilation of preterm
infants at birth for two main reasons. First, the
current recommendation of the safe range of
tidal volumes (4–8 mL/kg) is based on measure-
ments of spontaneous breathing and intubated
and ventilated infants (132). However, during
mask ventilation, the complete respiratory system
is pressurized and ventilated, which includes the
lungs, the trachea, and the nasopharynx. Some
gas also may enter the esophagus. During an
inflation given via a mask or nasal tube, the naso-
pharynx is pressurized, leading to a volume
displacement, which does not occur during a
spontaneous breath (132). As such this volume
displacement has to be taken into account when
measuring volumes during mask ventilation (132).
Mask ventilation may be more effective if the
caregiver aims for larger tidal volumes than would
be targeted in intubated infants. Thus, a different
range of safe tidal volumes should be defined
for ventilation given via a mask or an ET tube to
avoid inadequate but also excessive and injurious
tidal volumes (132).

Lung Injury Following Lung Aeration
Repeated collapse and reopening of distal airways
will expose the lung to high shear forces leading to
injury (atelectrauma) (133), which initiates an
inflammatory cascade that includes cytokine
release and the recruitment of activated leuko-
cytes to the lungs (133). The damage is character-
ized by epithelial disruption, hyaline membrane
formation, airway cell loss, increased alveolar
capillary permeability, surfactant dysfunction,
decreased lung compliance, and poor gas
exchange (134). This sequence emphasizes the
importance of applying an adequate PEEP/CPAP
level at birth to prevent airway collapse. In
surfactant-treated preterm lambs, PPV without
PEEP was associated with reduced compliance
and oxygenation compared with ventilation with
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PEEP of 4 to 7 cmH2O (135). In addition, preterm
lambs ventilated with a PEEP of 8 cmH2O had
a significantly lower oxygen requirement by
10 minutes of age compared with lambs ventilated
with no PEEP (136), and the improvement in
oxygenation occurred more rapidly than with
surfactant administration (137).

Hemodynamic Consequences
Ventilation can alter pulmonary venous return
and, as a result, cause rapid changes in left ven-
tricular output and systemic arterial pressure. As
instantaneous cerebral blood flow is pressure pas-
sive in the immature brain at birth, large, rapid
fluctuations in cardiac output cause large swings
in cerebral blood flow (63). Experimental and
clinical studies showed the correlation between
mean airway pressure and altered PBF leading
to destabilization of systemic arterial flows
(138–141). In addition, high airway pressures
can also compress the heart directly and reduce
cardiac performance and ventricular output
(141, 142), Changing the PEEP level can signifi-
cantly change the systemic blood flow in preterm
infants (143). Echo Doppler studies in the first
24 h after birth in preterm infants (< 29 weeks)
demonstrated a strong association of low
SVC flow with cerebral injury, including IVH
and long-term neurodevelopmental disability
(144,145).

In preterm lambs, large fluctuations in cere-
bral blood flow occurred when high VT ventila-
tion was given for the first 15 minutes after birth
(122), which was accompanied by impaired cere-
bral autoregulation (cerebral vasoparalysis) and
increased vascular extravasation (leakage), a pre-
cursor to cerebral hemorrhage (122). Optimizing
the initial respiratory support at birth (immediate
surfactant, initial sustained inflation followed
by tidal ventilation of 7 mL/kg) significantly
reduced the risk of brain injury by improving
CBF stability and cerebral oxygenation and redu-
cing vascular permeability (76,122). It is not ven-
tilation per se that is injurious, but the poorly
controlled use of PPV in the delivery room that
increases the risk of brain injury.

Systemic Consequences of Lung Injury
Initial ventilation in preterm lambs with higher
than normal tidal volumes causes pulmonary
inflammation (146) and subsequently a systemic

inflammatory cascade (123,147,148). Indeed,
increased levels of pro-inflammatory cytokines
IL-8, IL-1, and TNF and decreased anti-
inflammatory cytokine IL-10 were measured in
preterm and term newborns 2 h after initiation
of mechanical ventilation (149). The circulating
cytokines elicited and exacerbated an inflamma-
tory response within the brain (150,151), which
resulted in increased infiltrating inflammatory
cells, activation of resident microglia, increased
oxidative stress, and subsequent diffuse white
matter gliosis within the periventricular white
matter, subcortical white matter, and corpus cal-
losum (122,152). The pattern of white matter
injury associated with increased systemic pro-
inflammatory mediators is consistent with that
in infants with PVL associated with high plasma
or cerebrospinal fluid cytokine levels (153,154).
Increased systemic pro-inflammatory cytokines
not only cause direct cerebral injury but may
also alter postnatal hemodynamics as cord-blood
IL-6 levels are inversely related to systolic, mean,
and diastolic blood pressures (155). Also the
gray matter can be injured with high tidal ventila-
tion, as demonstrated in animal experiments
(148,156,157), and the injury was reduced with
less-invasive ventilation (156,157).

Oxygen Injury
Randomized controlled trials have shown that
resuscitating asphyxiated newborn infants with
air reduces mortality compared with resuscitation
with 100% oxygen (95). In a recent meta-analysis,
high levels (60%) of oxygen increased the inci-
dence of BPD when compared to a low FiO2 level
(30%) (158). A high fraction of inspired oxygen
(FiO2) is toxic to lung tissue in both animals and
humans, which is evident in both term and pre-
term subjects when treated with a high FiO2 for
prolonged periods (134). Very preterm infants are
particularly susceptible to free-radical damage
because antioxidant mechanisms are not fully
developed until the third trimester (159). Pro-
longed exposure to hyperoxia was associated with
leukocyte activation and sequestration in the neo-
natal rat lung (160). A high FiO2may contribute to
arrested alveolar development in very preterm
infants who develop BPD. Even a short period of
hyperoxia in preterm infants at birth increased
oxidative stress and inflammation, and preterm
infants initially exposed to a high FiO2 had an
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increased risk for BPD (99). These findings suggest
that in the first minutes after birth, avoiding the
use of high oxygen concentrations may reduce
acute lung injury, particularly in very preterm
infants. Oxygen saturation should be monitored,
and oxygen should be titrated to achieve the
desired saturation.

Knowledge Gaps and Future
Research
Understanding the physiological process in pul-
monary and hemodynamic transition at birth is
vital for designing the most effective and least-
injurious way to support infants at birth when
transition fails. The use of new innovative
methods in experimental studies and a renewed
interest in performing physiological observations
in the delivery room has led to more insight into
our understanding of transition after birth. It also
has become clear that inappropriate ventilation
and cord clamping can have a significant impact
on the lungs, heart, and brain with long-term
consequences, especially in preterm infants.

Care in the delivery room has improved, but
this is also a work in progress. There are still gaps
in our knowledge concerning the transition, and
the least injurious but most effective support in
preterm infants still needs to be defined. The

following research questions need to be answered
in the future.

1) What are the mechanisms of switching from
FBMs to breathing with air after birth? Is
there a hierarchy in factors that increase the
respiratory drive? What is the role of oxygen
in this? How can we stimulate breathing when
respiratory drive is insufficient?

2) What is the role of interstitial sensory
receptors in perialveolar lung tissue in the
pulmonary and hemodynamic transition
at birth?

3) What is the role of the larynx during
noninvasive ventilation?

4) What is the mechanism of the placental to
infant blood transfusion before cord
clamping? We need to know how factors, such
as gravity, influence the placental-to-infant
transfusion of blood and the cardiovascular
transition at birth. Furthermore, we need to
know how uterine contractions influence the
benefits of DCC to ascertain the most
appropriate timing of uterotonic
administration.

5) Which range of tidal volumes can be
considered “safe” when noninvasive
ventilation is applied to preterm infants at
birth and which ventilation strategy is
optimal?
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Chapter

10
Perinatal Modifiers of Lung Structure
and Function
Suhas G. Kallapur and Sailesh Kotecha

Abstract
The fetal lung progresses through a series of orchestrated developmental events that ultimately
leads to a structurally and a functionally mature lung at term birth. However, a number of
insults during fetal gestation can lead to aberrant lung growth and/or lung injury. The focus in
this chapter is on events that occur after the fetus is of viable gestation rather than the early
embryonic insults that ultimately lead to bronchopulmonary dysplasia, lung hypoplasia, or
other clinically relevant adverse lung outcomes. Reviews of experimental animal studies are
presented in the context of how these studies inform us of likely pathways of lung injury
documented in clinical studies. The major perinatal insults discussed are chorioamnionitis,
drugs and toxins, and intrauterine growth restriction or nutritional insults. The chapter
also integrates how the developmental immune system modulates the lung injury and inflam-
mation that leads to poor functional lung outcomes.

Keywords:
Chorioamnionitis, intraamniotic inflammation, lung development, respiratory distress
syndrome, bronchopulmonary dysplasia

Introduction
Lung growth and development of the fetus are
critically dependent on the intrauterine environ-
ment (Figure 10-1). Factors include the space
available to the fetus to grow and breathe. Any
factors affecting either the intra- or extrathoracic
space, fetal lung fluid, or fetal breathing move-
ments will result in altered lung development.
Antenatal infection including chorioamnionitis
is associated with preterm birth but also primes
the preterm infant to further lung injury when
exposed to mechanical ventilation and/or oxygen
therapy. Maternal or placental diseases will affect
the delivery of nutrients and oxygen thus will
affect fetal lung growth directly or indirectly via
poor somatic growth as occurs with intrauterine
growth restriction (IUGR). Toxins such as nico-
tine in cigarette smoke directly affect lung devel-
opment and function but also indirectly by
affecting somatic growth. Discussed next are the
major antenatal determinants that influence lung
growth and function.

Lung Growth
The lung bud arises as an outgrowth of the foregut
endoderm. Thereafter lung development occurs as

a result of epithelial–mesenchyme interactions
and branching morphogenesis (1). The stages and
the timetable for human lung development are
embryonic stage (3–7 weeks), pseudoglandular
(5–17 weeks), canalicular (16–26 weeks), saccular
(24–38 weeks), and alveolar (36 weeks to six
months postnatal) (2). The lung is ready to func-
tion as an efficient gas exchange organ at birth as a
result of the complex fetal lung developmental pro-
cesses. The timing of different intrauterine insults
will affect lung development in different ways,
resulting in physiological consequences to the fetus
and the newborn. This chapter will review the
impact of common intrauterine exposures on fetal
lung development. We will present current con-
cepts from animal experiments and clinical studies.

Chorioamnionitis
Chorioamnionitis in humans is an ascending
infection of genital organisms to the choriodeci-
dual space or the chorioamnion space through the
cervix. Organisms are thought to spread diffusely
through the choriodecidual or the chorioamnion
plane and then invade the amniotic cavity. How-
ever, a recent study using molecular microbiolo-
gic techniques in human placentae demonstrated
that the initial event is a localized choriodecidual
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infection, which then invades the amniotic cavity,
thereby infecting amniotic fluid and the fetus
prior to diffuse choriodecidual inflammation (3).
This sequence is consistent with experiments in
the rhesus macaque demonstrating that localized
choriodecidual infection with live Group
B streptococci did not trigger preterm labor until
the amniotic fluid was colonized. However, a
transient choriodecidual infection can induce
cytokine production in the amniotic fluid, which
results in fetal lung inflammation without overt
infection of amniotic fluid or preterm labor.
Therefore animal models of chorioamnionitis
resulting from injection of inflammatory agents
or organisms into the amniotic fluid reproduce
the pathology of chorioamnionitis. We will review
experiments in which experimental animals were
given intra-amniotic or intrauterine agonists/
organisms. We will not review experiments with
maternal intraperitoneal or intravascular injec-
tion of agonists because these models reflect
maternal septicemia or bacteremia, which are rare
events in human chorioamnionitis.

Animal Models of Chorioamnionitis
Models of chorioamnionitis have been described
with intrauterine injection of agonists or live bac-
teria in the mouse and the rabbit. Chorioamnio-
nitis can also be induced by intra-amniotic
injection in the sheep using agonists including
IL-1ß, IL-1α, lipopolysaccharide (LPS – ligand
for TLR4), live Ureaplasma parvum, and live
Candida albicans. In the Rhesus macaque,

intra-amniotic injection of Group B streptococci,
Ureaplasma parvum, IL-1ß, or TNF cause chor-
ioamnionitis and preterm labor. In the sheep,
intra-amniotic injection of PamCysK4 (ligand
for TLR2) induced weak fetal lung inflammation,
but poly I:C (TLR3 ligand) did not cause inflam-
mation. Interestingly intra-amniotic injection of
TNFα (4), IL-6 or IL-8 (5) did not induce
lung inflammation in fetal sheep, and intra-
amniotic injection of IL-6 or IL-8 did not induce
preterm labor in the rhesus macaque (6). These
experiments demonstrate relative specificity or
potency of responses to different inflammatory
agents.

Using broad-range microbe-specific PCR
assays, the common organisms in the amniotic
fluid of women with preterm labor and intact
membranes or with preterm rupture of mem-
branes were Ureaplasma, Mycoplasma, and Fuso-
bacterium (7). The strongest evidence that
Ureaplasma can cause preterm labor is from
experiments in the rhesus macaque. Intra-
amniotic injection of Ureaplasma parvum or the
related organism Mycoplasma hominis induced
chorioamnionitis, fetal inflammation, and pre-
term labor (8). In the sheep, Ureaplasma parvum
is not cleared from the amniotic compartment
after IA injection but does not cause preterm
labor (9). In the amniotic fluid of sheep, Urea-
plasmas have antigenic variations with changes
in the multibanded antigen and extensive hori-
zontal gene transfer resulting in hybrid forms
of Ureaplasma serovars, implying unstable geno-
types during the course of infection. These

Lung Growth

Treatment
ventilation,

corticosteroids,
infection

Disease
CLD, CDH, CCAM

Childhood factors
infection, nutrition

Prenatal influences
fetal wellbeing

maternal health uterine
environment

Environment
smoking, pollution

Long term outcome
pulmonary hypoplasia

pulmonary hypertension
respiratory failure

Figure 10-1. Causes of poor lung
growth. Lung growth is complex and
modulated by multiple processes. Poor
lung growth may result from maternal,
fetal, placental, environmental, and/or
genetic factors. Reprinted with permission
from Kotecha Paediatr Respir Rev. 1: 308–313,
2000.
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antigenic changes perhaps evolved as a mechan-
ism to evade host immune system. Curiously,
chorioamnionitis caused by Ureaplasma is of
variable intensity in fetal sheep – ranging from
minimal to severe, but without differences in the
titer of the organism in amniotic fluid (9,10).
Similarly in the human, Ureaplasma can be
recovered without severe chorioamnionitis or
progressive preterm labor. Candida spp. coloniza-
tion/infection of the lower genital tract is fairly
common in women. In addition, Candida spp.
can also be recovered in amniotic fluid from
women particularly with an indwelling intrauter-
ine device and/or cervical cerclage. In contrast to
Ureaplasma spp, intra-amniotic injection of a
clinical isolate of live Candida albicans caused
severe fetal inflammation and death in untreated
sheep (11).

Chorioamnionitis and Maturation
of the Fetal Lung
One of the striking and counterintuitive effects
of intra-amniotic LPS or IL-1 in the fetal sheep
is the increase in pulmonary surfactant lipids
(Figure 10-2A) and surfactant-associated proteins
A, B, and C (Figure 10-2B) (12,13). The increase
in airway surfactant and a lung structural matur-
ation results in improved lung mechanics in the
preterm resulting in “clinical lung maturation”
(Figure 10-2C). This effect of chorioamnionitis-
induced lung maturation is more potent than
that resulting from maternal administration of

betamethasone alone in the sheep (Figure 10-3).
Further, the combination of LPS and betametha-
sone caused the largest increase in lung volume
(see following section on combined effects of
chorioamnionitis and antenatal steroids). Intra-
amniotic injection of LPS with tracheal ligation
prevented the lung maturation (14,15), but fetal
intratracheal infusion of LPS or IL-1 resulted in
increased lung maturation, demonstrating the
sufficiency of direct airway contact with LPS or
IL-1 for lung maturation (16,17).

The precise signaling that results in fetal lung
maturation is not known. However, intramuscu-
lar injection of an anti-CD18 antibody largely
decreased the inflammatory cell influx into the
lungs of fetal sheep and significantly decreased
the lung maturation (18). Thus, inflammatory cell
influx was critically required to mediate the clin-
ical lung maturation induced by inflammatory
agonist exposure in the sheep. Similarly, human
IL-1 receptor antagonist decreased the IA LPS
induced lung maturation (19). These experiments
in the fetal sheep demonstrate that IL-1 signaling
is central to the lung maturation induced by LPS.
The numbers of inflammatory cells recruited to
the lung correlated with the surfactant lipid pool
size, suggesting that it will be difficult to separate
the inflammatory effects of these agonists from
the beneficial lung maturation effects. Similar
changes of lung maturation with increases in sur-
factant proteins and type II cell numbers were
found after exposure of fetal mouse or rabbit
lungs to LPS or IL-1ß.

Figure 10-2. Intra-amniotic LPS
caused a “clinical lung maturation”
in preterm fetal sheep.
Measurements were done on lung and
bronchoalveolar lavage fluid of fetal
sheep after exposure to intra-amniotic
LPS for 7 d (panels a & c) or 2 d
(panel B). Exposure to LPS increased
(A) surfactant lipid (saturated
phosphatidylcholine) pool size
normalized to body weight. (B)
Induction of mRNAs for surfactant
protein A, B, and C compared to control
(value normalized to 1). (C) Lung
volumes measured at 40 cmH20
pressure expressed relative to body
weight. (*p < 0.05 vs. control) (Data
redrawn from Kallapur, Willet, Jobe, Ikegami,
Bachurski. AM J Physiol Lung Cell Mol Physiol.
2001;280:L527–L536 and Bachurski, Ross,
Ikegami, Kramer, Jobe. Am J Physiol Lung Cell
Mol Physiol. 2001;280:L279–285).
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Chorioamnionitis – Inflammation/
Injury of the Fetal Lung
Despite the beneficial lung maturation, intra-
amniotic injection of pro-inflammatory agonists
interferes with normal lung development. In the
sheep, intra-amniotic LPS decreased alveolar
numbers, caused thinning of the alveolar septae,
and increased the size of the alveoli (Figure 10-4A)
(20). An important feature of alveolarization is the
expression of elastin that are the sites of secondary
septation. Intra-amniotic LPS induced an aberrant
and decreased expression of elastin foci (Figure
10-4B) (21). Because elastin deposition at the
leading edge of alveolar septae is critical for sec-
ondary septation, these results are consistent with
decreased alveolar septation in fetuses exposed to
experimental chorioamnionitis. This inhibition of
formation of terminal respiratory units also
occurred in fetal mouse lung explants treated with
LPS. In this explant model, LPS inhibited FGF-10
expression, which required macrophage NF-κB
signaling (22). Intra-amniotic LPS in the preterm
fetal sheep also inhibited several genes critical
for vascular development, including VEGF-A,

VEGFR2, and NOSIII (23). Intra-amniotic LPS
caused smooth muscle hypertrophy in the resist-
ance arterioles and adventitial fibroblast prolifer-
ation of the fetal sheep lung (Figure 10-4C,D)
(23). These changes of vascular remodeling
resulted in increased pulmonary vascular resist-
ance (24).

In the sheep, intra-amniotic injection of
U. parvum increased lung surfactant pools and
induced a clinical lung maturation, although less
consistently than LPS or IL-1 (25). Intra-amniotic
U. parvum also induced mild lung inflammation
with mixed neutrophil and monocytic infiltration
and low cytokine expression in the fetal lung.
However, Ureaplasma caused a small decrease in
elastic foci in secondary alveolar septae, impaired
alveolar development, and increased smooth
muscle around bronchioles and pulmonary
artery/arterioles, similar to the changes caused
by LPS. In contrast to what happens in the sheep,
intra-amniotic Ureaplasma parvum (and the
related organism Mycoplasma hominis) caused
severe inflammation in the fetal rhesus macaque
lung, characterized by increased neutrophils and
macrophages and alveolar type II cell prolifer-
ation (8). These results suggest species differences
in susceptibility to Ureaplasma.

In experiments simulating the effects of intra-
partum exposure to inflammation, fetal lung
inflammation induced changes similar to bronch-
opulmonary dysplasia (BPD) in transgenic mice.
Human IL-1beta expressed in airway epithelial
cells during the latter part of mouse gestation
caused neutrophil and monocyte influx into the
lung, respiratory insufficiency with increased
postnatal mortality (26). IL-1beta disrupted alveo-
lar septation with aberrant alpha-smooth muscle
actin and elastin deposition in the septa of distal
airspaces. IL-1beta also disrupted pulmonary vas-
cular development.

Although antenatal infection causes aberrant
pulmonary development, these changes are
modest. For instance, the lung inflammation
induced by chorioamnionitis in most experimen-
tal models is microscopic in nature and likely will
not be visualized by X-ray imaging. Further, the
delayed alveolar development apparent when
fetuses are delivered seven days after intra-
amniotic exposure to a pro-inflammatory agonist
is no longer evident when fetuses are delivered
twenty to thirty days later (27). These results
imply that the fetus has a remarkable ability to

Figure 10-3. Combined exposure of antenatal
betamethasone and intra-amniotic LPS to pregnant ewe
induced a more potent “clinical lung maturation.”
Pregnant ewes were given intramuscular betamethasone (Beta)
7 d before delivery or intra-amniotic LPS 14 d before delivery or
the combined exposures of Beta + LPS. Fetuses delivered at
80% gestation had lung volumes measured at 40 cmH20
pressure at autopsy. Note the higher lung volumes induced by
LPS compared to Beta. However, the most potent response
was in animals receiving the combined exposures of LPS and
Beta. (*p < 0.05 vs. control) (Data redrawn from Kuypers, Collins,
Kramer, et al. Am J Physiol Lung Cell Mol Physiol. 2012;302: L380–389).
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repair the lung in utero. Understanding the mech-
anisms of lung repair following intra-uterine
injury is clearly important.

Innate Immune Responses in the
Fetal Lung Exposed to
Chorioamnionitis
The fetal lung responds to chorioamnionitis
with inflammation, induced “lung maturation,”
and aberrant alveolar and vascular development.
The central question is how the naïve immune
system of the fetal lung responds to an intrauterine
inflammatory challenge. The sentinel immune cell
of the lung is the alveolar macrophage. In adult
humans and animals, macrophages are located in
the airspaces directly in contact with the alveolar
hypophase. Fetuses do not normally have alveolar
macrophages. In mice, macrophages can be

detected in the lung interstitium from early gesta-
tion, while in other species, including nonhuman
primates and sheep, very few mature macrophages
are found in the fetal lung. In all species, mature
alveolar macrophages begin populating the lung in
large numbers postnatally with the onset of air
breathing. Immature lung monocytes from pre-
term sheep have a minimal response (IL6 secre-
tion) to an in vitro challenge to LPS and do not
respond to TNFα (28). However, intra-amniotic
LPS matures lung monocytes by stimulating GM-
CSF and PU.1 expression in the fetal lung (Figure
10-5A,B). These monocytes migrate into the fetal
alveolar spaces and respondvigorously to both LPS
and TNFα in vitro (Figure 10-5C) (28). Thus
exposure to a pro-inflammatory agonist in the
amniotic fluid is a potent stimulus for maturation
and responsiveness of monocytes in the lung.

Figure 10-4. LPS-induced chorioamnionitis inhibited lung alveolar and vascular development in fetal sheep. Pregnant
sheep were given intra-amniotic LPS 7 d prior to preterm delivery at 80% gestation. Lung morphometry was performed using
inflation-fixed fetal lung. Compared to control, LPS exposed lungs had (A) decreased alveolar numbers (B) decreased elastin foci.
(C–D) Compared to control fetuses, LPS-exposed fetuses had increased pulmonary arteriolar α-smooth muscle actin staining
(arrow showing brown staining) indicating media hypertrophy. Note the adventitial fibrocyte proliferation surrounding the arteriole
in LPS exposed lung. (*p < 0.05 vs. control) (Data redrawn from (20,21,23).
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Intra-amniotic LPS also can cause an innate
immune tolerance in the fetus. In adult animals
and humans, endotoxin tolerance is the suppres-
sion of LPS signaling caused by a complex repro-
gramming of inflammatory responses. As part of
endotoxin tolerance, pro-inflammatory cytokine
expression is downregulated, while there is no
change or an increase in the expression of anti-
inflammatory genes, antimicrobial genes, and
genes mediating phagocytosis. In the preterm
fetal sheep, exposure to intra-amniotic LPS 2 d
before delivery induces a robust expression of
cytokines in the fetal lung. However, if the fetus
is exposed to two intra-amniotic LPS injections of
the same dose 7 d and 2 d prior to delivery, the
fetal lung is refractory to the second LPS injection
(Figure 10-6A) (29). Interestingly, both lung and
blood monocytes are refractory to an in vitro
challenge with LPS.

The phenomenon of innate immune tolerance
is not restricted to exposure to LPS. Exposure to

intra-amniotic Ureaplasma parvum almost com-
pletely abolished responsiveness of the fetal lung
to LPS, implying a profound immune paralysis in
the fetal lung induced by Ureaplasma exposure
(Figure 10-6B) (30). The lung and blood mono-
cytes from fetal sheep exposed to two injections
of intra-amniotic LPS were also refractory to
stimulation by a host of other TLR agonists,
including PamCysK4 (TLR2), flagellin (TLR5),
and CpG-DNA (TLR9) (31), demonstrating a
cross tolerance to multiple TLRs. Other inter-
active phenomenon between antenatal LPS and
postnatal inflammatory insults have also been
reported. In rats, intra-amniotic LPS alone
induced aberrant lung development and pulmon-
ary hypertension. When these fetal rats exposed
to LPS were exposed to postnatal moderate hyper-
oxia, the lung abnormalities were no longer evi-
dent. However, exposure to postnatal severe
hyperoxia further enhanced the pulmonary abnor-
malities induced by antenatal LPS (32). Thus the

Figure 10-5. Functional maturation of lung monocytes in fetuses exposed to LPS induced chorioamnionitis. Pregnant
sheep were given intra-amniotic LPS 7 d prior to preterm delivery at 80% gestation. (A,B) Immunohistology staining for PU.1
(a transcription factor necessary for maturation of monocyte) in fetal lung. Note increased monocyte PU.1 staining (arrow) after
LPS exposure. (C) Lung monocytes were purified from fetuses and cultured in vitro in the presence of TNFα. Control preterm
fetal lung monocyte responded with minimal IL-6 secretion, while fetuses exposed to intra-amniotic LPS responded with
increased IL-6 secretion signifying a functional maturation of lung monocytes. (*p < 0.05 vs. control) (Data redrawn from Kramer,
Joshi, Moss, et al. Am J Physiol Lung Cell Mol Physiol. 2007;293: L345–353).
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interactive phenomena between different inflam-
matory insults can be complex and either exacer-
bate or reduce the lung injury response. Because
innate immune tolerance is time dependent, it is
not clear how these experimental phenomena will
translate into clinical scenarios, where the timing
of exposure to different inflammatory insults is
not known. Although the precise mechanisms of
innate immune tolerance are not known, the
expression of negative regulator of Toll/IL-1 sig-
naling, IRAK-M is increased in both the lung and
blood monocytes (29).

Signaling Mediators Modulating
Lung Development After Antenatal
Insults
Intra-amniotic injection of IL-1 induced a large
expression of IL-1ß, IL-8, GM-CSF, MCP-1, and
the acute phase reactant serum amyloid A3 in the
lungs of fetal sheep and fetal monkeys. Interest-
ingly, the Th1 cytokines IFNγ, IL-12, type I inter-
feron inducible genes CXCL9 (MIG) and CXCL10
(IP-10), and the Th2 cytokines IL-4 and IL-13
were not induced. IA LPS increased expression
of additional genes inducible by the type I inter-
feron signaling, including CXCL9 (MIG) and
CXCL10 (IP-10) (33). In the fetal sheep, IA LPS

increased lung expression of TLR4 and TLR2
mRNA expression but decreased TLR4 expre-
ssion in the gut, demonstrating organ specific
responses. Neither IA IL-1 nor LPS significantly
increased expression of TNFα in the lung, and IA
TNF did not induce chorioamnionitis or fetal
lung inflammation (4). The counterregulatory
cytokine IL-10 and IL-1 receptor antagonist are
only modestly increased in the fetal lung exposed
to IA IL-1 or LPS.

Some candidate genes associated with lung
injury have been assessed. Caveolins (Cavs) are
implicated as major modulators of lung injury
and remodeling by multiple signaling pathways
by virtue of their strategic positioning in the
lipid rafts of plasma membranes. Intra-amniotic
LPS decreased the expression of Cav-1 in the
preterm fetal lung (34). The decreased expression
of Cav-1 was associated with the activation of the
Smad2/3, Stat 3, a-SMase/ceramide pathways, and
increased expression of HO-1 (34). Consistent
with activation of Smads, intra-amniotic LPS
increased lung TGF-ß1 mRNA and protein
expression (35). However, the lung expression of
CTGF – a key pro-fibrotic protein induced by
TGF-ß, decreased on exposure to intra-amniotic
LPS (35). Metallo-proteinases regulate the break-
down of extracellular matrix in the lung.
The expression of MMP-9 was increased in sheep

Figure 10-6. Endotoxin tolerance on repeated exposures to intra-amniotic LPS or Ureaplasma parvum. (a) Pregnant
ewes were given intra-amniotic (IA) LPS either 2 d or 7 d or combined 7 d + 2 d prior to preterm delivery at 80% gestation.
Quantitative rt-PCR for IL-1βmRNA was performed on whole-lung homogenates. Exposure to a single LPS injection increased
IL-1βmRNA expression at 2 d with a decrease at 7 d. However, a prior exposure to IA LPS at 7 d blunted subsequent response
to LPS injection at 2 d prior to delivery demonstrating endotoxin tolerance. (b) In a similar experimental schema pregnant
ewes were given IA LPS injection 2 d or live Ureaplasma parvum (UP) 70 d or the combined exposure to Ureaplasma parvum
70 d + LPS 2 d prior to preterm delivery. Ureaplasma alone did not cause a significant induction of IL-1βmRNA expression but
almost completely blunted LPS responsiveness, demonstrating a potent innate immune modulation (*p < 0.05 vs. LPS 2 d) (Data
redrawn from Kallapur, Jobe, Ball, et al. J Immunol. 2007;179:8491–8499; Kallapur, Kramer, Knox, et al. J Immunol. 2011;187:2688 -2695.
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given intra-amniotic LPS (36) and in transgenic
mice that overexpress IL-1ß in the lung (37). Sonic
Hedgehog (Shh) signaling is a major pathway
directing lung development. Intra-amniotic LPS
also decreased Shh mRNA levels and Gli1 protein
expression in the fetal sheep (21). In a fetal mouse
lung explant system, abnormal saccular lung
development induced by LPS was mediated by
NFκB activation in the macrophage, resulting in
IL-1ß secretion (22). The link between inflamma-
tion and abnormal lung development was FGF-10
in this mouse lung explant system, a finding that is
consistent with reduced FGF-10 in the tracheal
aspirates of preterm infants developing chronic
lung disease (38). In a recent study, vitamin D
administration prenatally and postnatally reversed
intra-amniotic LPS-induced aberrant alveolar and
pulmonary vascular development in rats (39).
Clearly, chorioamnionitis directly and indirectly
changes multiple pathways that have been linked
to lung growth and development.

Vascular endothelial growth factor (VEGF)
signaling also is important in fetal lung develop-
ment. Women with preeclampsia have increased
amniotic fluid levels of soluble VEGF receptor 1,
an increased risk of delivering infants with intra-
uterine growth restriction, and an increased the
risk for chronic lung disease (40). Intra-amniotic
injection of soluble VEGF receptor 1 in rats
inhibits alveolar development and causes pulmon-
ary hypertension postnatally (41). Hypoxia and
HIF-1 are well-known regulators of VEGF expres-
sion (42). Pulmonary expression of HIF-1alpha,
HIF-2alpha, and the downstream target of their
regulation, VEGF mRNA, is impaired following
RDS in neonatal lambs (43). Furthermore, high
postnatal HIF-1 levels increased VEGF levels and
stimulated pulmonary angiogenic factors in a pre-
term baboon model of chronic lung disease (44).
Infants dying of chronic lung disease had lower
levels of VEGF and other angiogenic factors in
tracheal aspirates (45) consistent with inhibited
expression of angiogenic proteins in a baboon
model of chronic lung disease and fetal sheep
exposed to chorioamnionitis (23,46). These stud-
ies underscore the tight linkage between pulmon-
ary vascular development and fetal lung growth.

Human Studies of Chorioamnionitis
Chorioamnionitis in pregnant women is diag-
nosed clinically or after histological examination

of the placenta. Thus it is often difficult to com-
pare rates between centers or between different
populations. In one U.S. study of over 2.2 million
births, the prevalence of chorioamnionitis was
9.7 per 1,000 live births with odds ratio for neo-
natal mortality of 1.72 (95% CI 1.2 to 2.45) (47).
The association of respiratory diseases including
BPD following chorioamnionitis is complex. Early
reports suggested that chorioamnionitis was asso-
ciated with decreased rates of RDS and increased
rates of developing BPD. While a systemic review
did show an association between chorioamnionitis
and development of BPD, the authors concluded
that there was “strong evidence of publication bias
which suggests potential overestimation of the
measure of association between chorioamnionitis
and BPD” (48). Been and colleagues have recently
reported that severity of RDS may be greater
in chorioamnionitis where there is fetal involve-
ment compared to when there is not (49). Further-
more, responses of surfactant may vary after
exposure to chorioamnionitis, especially when
there is fetal inflammation (50). It is thus very
likely that respiratory outcomes may depend on
a number of factors associated with exposure to
chorioamnionitis, including timing, fetal involve-
ment, underlying cause of the infective process,
and so on. Chorioamnionitis observed in infants
born preterm may be associated with adverse
longer-term respiratory outcomes. Jones and col-
leagues classified 95 preterm born infants
according to histologic examination of the pla-
centa (51). They observed lower maximal expira-
tory flows at forty weeks postconceptional age
but interestingly noted that this outcome was
mainly due to females being affected. In the
Boston prospective study of 1,096 preterm sub-
jects, those born at less than thirty-three weeks
gestation with chorioamnionitis had the greatest
risk of wheezing, and physicians diagnosed asthma
up to the follow-up age of 2.2 years (52). Although
chorioamnionitis certainly affects lung develop-
ment, further work is required to address the
specific population at highest risk of future risk
of respiratory compromise.

Ureaplasma and Bronchopulmonary
Dysplasia (BPD)
Ureaplasma is the most commonly isolated organ-
ism from the uterine cavity of women who deliver
prematurely. The organism readily transfers from
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the mother to the fetus and has been shown to
cause chorioamnionitis and significant neonatal
morbidity. Macrolide treatment of pregnant
women presenting in preterm labor did not alter
newborn outcomes (53,54). Several meta-analyses
found an association between pulmonary presence
of Ureaplasma and subsequent development of
BPD (55–57). The most recent report gave odds
ratios for the association between the presence of
pulmonary Ureaplasma and subsequent develop-
ment of BPD – oxygen dependency for at least
twenty-eight days of age of 3.04 (95% CI 2.41,
3.83) or oxygen dependency at least thirty-six
weeks postconceptional age of 2.22 (95% CI 1.42,
3.47) (57).

Disappointingly, initial studies using erythro-
mycin to determine if eradication of Ureaplasma
in preterm infants decreased rates of BPD were
unsuccessful but were markedly underpowered.
More recent studies are encouraging, although
they should be considered as proof of principle
studies (58,59). In the first, Ballard and col-
leagues, reported decreased duration of mechan-
ical ventilation for infants treated with up to six
weeks of azithromycin when compared to pla-
cebo. In the other study, Ozdemir et al. treated
74 Ureaplasma culture-positive preterm infants
with clarithromycin or placebo and noted that
Ureaplasma was eradicated in 68.5% of the cases.
Rates of BPD decreased to 2.9% in the treated
group compared to 36.4% in the placebo group
(p < 0.001). Partial eradication suggests either
inadequate treatment or antibiotic resistance to
the macrolide.

In addition to their anti-infective activities,
macrolides are attractive as they have potent
anti-inflammatory activities. Two studies have
reported the potential role of azithromycin in
targeting pulmonary inflammation in infants at
risk of developing BPD. In the first, Ballard and
colleagues treated 220 preterm infants for up to
six weeks with azithromycin or placebo but did
not note any differences in BPD or death between
the two groups (60). In their subanalyses they
noted decreased BPD rates in the Ureaplasma
colonized infants (73% vs. 94%, p = 0.03). In the
other study, Gharehbaghi and colleagues, treated
108 preterm infants with two weeks of azithromy-
cin and noted decreased rates of BPD in the
treated group (25% vs. 43%, p = 0.4) (61). These
studies are encouraging, but adequately powered
studies are required to assess if indeed targeting

Ureaplasma and/or pulmonary inflammation
can indeed alter the causal pathway in the devel-
opment of BPD.

Chorioamnionitis and Antenatal
Glucocorticoids: Effects on Fetal
Lung Development
After the pioneering studies of Liggins (62) and
the subsequent meta-analysis by Crowley (63),
antenatal maternal corticosteroid treatment
became a standard clinical practice for women at
risk for preterm birth. A majority of very low-
birth-weight deliveries also are exposed to infec-
tion or inflammation. Thus the fetus at high risk
for preterm delivery is often exposed to both
chorioamnionitis and maternal glucocorticoids.
The common scenario is likely a fetus exposed
to chorioamnionitis initially who subsequently is
exposed to maternal glucocorticoids. However it
is also possible that a pregnant woman who
received betamethasone will subsequently develop
rupture of membrane and consequently chor-
ioamnionitis. The combined effects of these two
exposures is of great biologic interest because
betamethasone is a potent anti-inflammatory
agent while chorioamnionitis causes fetal inflam-
mation. Studies in fetal sheep have evaluated the
pulmonary effects of fetal exposure to chorioam-
nionitis and maternal betamethasone with
differing orders of exposures. If intra-amniotic
LPS and maternal betamethasone were given sim-
ultaneously to pregnant ewes, there was an initial
suppression of fetal lung inflammation induced
by LPS. Curiously, there was an unexpected amp-
lification of pulmonary inflammation at later time
points. Thus maternal betamethasone had an ini-
tial innate immune suppressive effect as expected,
but the later amplification of innate immune
response was not anticipated (64). Despite the
modulation of inflammatory response, the phy-
siologic effect of the combined exposure was
more airway surfactant production and improved
lung mechanics compared to either exposure
alone (Figure 10-3). When maternal betametha-
sone is administered before intra-amniotic LPS in
the ewes, lung inflammation was suppressed (65).
Interestingly, betamethasone treatment after LPS
did not counteract inflammation but enhanced
lung maturation. Thus the order of exposures of
intra-amniotic LPS or maternal betamethasone
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had large effects on fetal lung inflammation and
maturation. Extrapolation of these experimental
results would support the clinical practice of
giving maternal betamethasone to women with
suspected chorioamnionitis because the net
physiological effect of the combined exposure is
for the fetal lung to be more “clinically mature.”

Fetal Growth Restriction, Maternal
Nutrition, and Lung Development
Intra-uterine growth restriction (IUGR) is a
relatively common complication of pregnancy.
Various terms including IUGR, fetal growth
restriction, small for gestational age, and low
birth weight are often confused. IUGR can be
constitutional or nonconstitutional and is often
described as symmetrical or nonsymmetrical.
The IUGR, defined by both birth weight and
gestation may have a pathological basis, which
may occur due to fetal, maternal, or placental
conditions with additional environmental or gen-
etic influences (66). Its origin is likely to involve
deficiencies of delivery of nutrition and/or
oxygen. The resultant effect on growth trajectories
will depend on when these insults occur during
the different stages of lung growth.

A number of different fetal exposures can
result in IUGR. These include hypertensive dis-
orders in the mother, maternal smoking and poor
nutrition, multiple pregnancies, uterine malfor-
mations, and fetal intra-uterine infections. From
a physiological perspective, IUGR is caused by
decreased fetal perfusion due to increased placen-
tal resistance or due to fetal abnormal somatic
growth. Decreased tissue perfusion causes hypox-
emia, decreased delivery of nutrients, and
increased cortisol concentrations, all of which
can affect lung development. Fetal growth restric-
tion is independently associated with an increased
risk of BPD in preterm infants (67). Calorie or
protein restriction in multiple species or placental
blood restriction to fetuses are established models
of fetal growth restriction. IUGR is associated
with decrease lung weight and total DNA content,
decreased maturation of type II cells and subse-
quent surfactant maturation, decreased alveoli
numbers, and thickened airway walls in animal
models.

A mechanism by which IUGR may interfere
with lung development is via PPAR gamma, a
transcription factor known to regulate epigenetic

changes, particularly of chromatin-modifying
enzymes. In a rat model of IUGR, maternal sup-
plementation of docosahexaenoic acid (DHA)
increased PPAR gamma levels and restored aber-
rant fetal lung development (68). Another mech-
anism of aberrant lung development during
IUGR is via retinoic acid signaling. The retinoids
act on their receptors RARs and RXRs and modu-
late alveolar formation, branching morphogenesis
and surfactant protein synthesis (69). In a rat
model, fetal growth restriction induced by a low-
calorie maternal diet during pregnancy induced
alveolar hypoplasia that was reversible by postna-
tal vitamin A supplementation (70). Administra-
tion of vitamin A can reduce lung injury and BPD
in sheep and humans (71,72).

Longer-term effects of IUGR are of great
interest as an initial study in the UK reported
increased cardiovascular disease in adults
who had growth restriction during pregnancy
and during the first year of life (73). Placental
insufficiency may accelerate maturation of the
lungs as indicated by increased lecithin/sphingo-
myelin ratios in amniotic fluid (74). However, it is
unclear if IUGR is associated with increased or
decreased rates of respiratory distress syndrome
in infancy. There is increasing evidence that
growth restriction is associated with decreased
lung function in childhood and beyond. In adult-
hood, Lawlor and colleagues in a meta-analyses of
eight studies of adults found that birth weight
was associated with approximately 48 mL (95%
CI 26 to 70) increase in FEV1 for each kg increase
in birth weight (75). Catch-up growth during
childhood may improve the outlook (76), but
caution is required as increased weight gain
during infancy may worsen lung function (77).
IUGR may be caused by fetal, maternal, or pla-
cental factors. Increasing evidence suggests that
IUGR is associated with increased long-term
morbidity. The challenge is to prevent IUGR
where possible by health education factors,
including decreasing antenatal smoking and opti-
mal maternal nutrition.

EffectsofPrenatal Exposure toToxins
on Fetal Lung Development
Environmental pollutants are well recognized to
cause major lung structure and function changes.
In particular, antenatal smoking has received
much attention. The effects of nicotine, the major
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toxin in cigarettes, on fetal lung development
are complex. The animal experiments and
clinical studies point to morphological effects that
translate to altered lung function after the fetus is
born. Although the rate of smoking during preg-
nancy has decreased in the past decade in
the United States, about 12% of all pregnant
mothers reported smoking cigarettes (78). Mater-
nal smoking causes harmful effects on the fetus
due to fetal hypoxemia induced by carboxyhemo-
globin and growth restriction in addition to direct
fetal effects of the components of cigarette smoke.
Nicotine readily crosses the placenta and is likely
to be a prime mediator of the toxic effects
of smoking on the fetal lungs. Nicotine causes
DNA damage and promotes oxidant injury.

Nicotine has direct effects on both the con-
ducting airways and the parenchyma but also
appears to alter the epigenome resulting in life-
long pulmonary consequences. Maternal cigarette
smoke exposure in rats results in fewer numbers
of alveoli in exposed pups (79). In fetal monkeys,
prenatal exposure to nicotine also causes lung
hypoplasia and increases collagen deposition
around large airways and vessels (80). Prenatal
nicotine exposure of lambs and monkeys causes
proximal airway obstruction (81,82). Apart from
the detrimental effects of nicotine on fetal lungs,
nicotine stimulated branching morphogenesis
and increased expression of surfactant proteins
in embryonic mouse lungs cultured in vitro and
increased surfactant producing alveolar type II
cells in monkeys (80,83).

Consistent with these experimental results,
human studies have also suggested a decreased
risk for respiratory distress syndrome in infants
exposed to maternal smoking (84). However,
infants born to mothers who smoke during preg-
nancy are at greater risk of sudden infant death
syndrome (SIDS), decreased lung function at birth
and into adulthood, increased risk of respiratory
symptoms, increased diagnosis of asthma, and
increased risk of bronchial hyper-responsiveness.
One study showed increased inner airway wall
thickening in infants who died from SIDS for
mothers who smoked 20 cigarettes or more during
pregnancy when compared to those who did
not (85). Clinical studies have also demonstrated
more restriction in pulmonary airflow in preterm
infants compared with term infants (86, 87).
A more recent prospective study of a twenty-
one-year follow-up of 2,409 young adults

measured decreased lung spirometry (FEV1 and
FEF25–75%) in the young adults born to mothers
who smoked during pregnancy (88). Another
recent study evaluated lung function of infants
whose mothers smoked cigarettes during preg-
nancy. Predictably, compared to healthy term
infants, lung function of infants born to smokers
was decreased at birth, and these infants also had
increased wheezing reports at one year of age (89).
This effect was particularly pronounced in
mothers with homozygous mutant alleles in the
α5 nicotinic acetylcholine receptor. Remarkably,
daily vitamin C supplementation (500 mg) of
smoking mothers starting in the second trimester
rescued decreased lung function at birth and the
incidence of wheezing at one year of age. Presum-
ably, the salutary effect of vitamin C was due to its
antioxidant effect. Thus, the effects of antenatal
smoking are long lasting but do provide an oppor-
tunity to intervene either by smoking cessation or
by vitamin C supplementation to decrease the
long-term consequences of antenatal exposure to
a noxious substance.

The fetal lung may also be affected by expos-
ure to drugs. Antidepressant, particularly selective
serotonin reuptake inhibitor (SSRI), usage has
increased greatly during pregnancy. In a recent
meta-analysis, the use of antidepressants during
pregnancy was associated with an increased the
risk for persistent pulmonary hypertension of the
newborn if the drug was used in the third trimes-
ter (2.50, 1.32 to 4.73; P = 0.005) but not the first
trimester (odds ratio 1.23, 95% confidence inter-
val 0.58 to 2.60; P = 0.58) (90). Because the disease
is not very common, the overall risk for neonatal
pulmonary hypertension with maternal SSRI use
is small when considered against the potential
benefits.

Another area receiving increasing scrutiny is
the exposure to environmental pollutions such as
carbon particles and gases such as nitrous oxide
and sulphur oxide particularly from charcoal
and kerosene used for cooking and heating.
Increased risk of stillbirth, decreased birth weight,
and prematurity are associated with increased
antenatal exposure. In one study, birth weight
was decreased by 110 g for coal, 107 g for kero-
sene, and 78 g for biomass fuels when compared
to “cleaner” fuels. Low birth weight was also
increased with use of kerosene and biomass
fuels (91). An increased risk of neonatal death is
strongly associated with household use of coal
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(OR 18.54; 95% CI: 6.31–54.45) and perhaps with
kerosene (OR 2.30; 95% CI: 0.95–5.55). The
effects of pollution may indirectly affect lung
growth and development in the newborn, and
further work is needed to assess if any of the
effects directly affect lung growth and develop-
ment of the fetus.

Fetal Breathing, Fetal Lung Fluid,
Amniotic Fluid, and Lung
Development
For optimal lung growth and development,
adequate intra- and extrathoracic fluid, adequate
intrathoracic space, pulmonary blood flow, and
fetal breathing are required. Abnormalities of the
thoracic cage or muscle disorders may also affect
lung growth and development. The elegant experi-
ments by Desai and Wigglesworth showed that
transaction of the phrenic nerve results in hypo-
plastic lungs suggesting that breathing movements
are essential to lung development (92). In humans,
breathing movements are observed from eleven
weeks gestation and occur approximately 30% of
the time in the third trimester. Breathing move-
ments appear to be essential to maintain an
adequate fetal lung fluid volume. The rhythmic
movements are necessary to promote mitogenic
growth factor activity. Attempts have been made
to use breathing movements and patterns to pre-
dict outcomes, but their clinical use are limited by
their episodic nature.

The importance of a satisfactory fetal lung
fluid volume was shown by Moessinger et al.,
who observed that when one lobe in fetal lambs
was allowed to drain freely, marked lung hypopla-
sia occurred (93). In contrast, ligation of the con-
tralateral lobe resulted in lung hyperplasia. Fetal
lung fluid is formed by epithelial cells that actively
transport chloride ions from the interstitium to
the lumen. In the near term fetal lung, the fluid
production rate is 4 to 5 mL/kg/hr (94). Assuming
a 3 to 4 kg fetus, the daily production of fetal
lung fluid is therefore about 400 mL/day.
Fetal lung fluid flows intermittently up the trachea
with fetal breathing movements, and some of this
fluid is swallowed while the rest mixes with the
amniotic fluid. The pressure in the fetal trachea
exceeds that in the amniotic fluid by about 2 mm
Hg, demonstrating a resistance to outflow that
maintains the fetal lung fluid volume. Although

the presence of fetal lung fluid is essential for
normal lung development, its clearance is equally
essential for normal neonatal respiratory adapta-
tion. Fluid clearance after birth results from active
sodium transport via the ENaC sodium channel,
which can be blocked with amiloride (95). In
experimental models, tracheal occlusion in late
gestation can reverse much of the pulmonary
hypoplasia resulting from diaphragmatic hernia,
but the occlusion induces a decrease in type II cell
number and causes surfactant deficiency (96).

Decreased amniotic fluid or oligohydramnios
complicates about 10% of pregnancies (97).
Although a number of factors are responsible
for amniotic fluid volume, fetal urine is a signifi-
cant contributor to amniotic fluid volume during
later stages of pregnancy. Severe pulmonary
hypoplasia associated with renal agenesis (Potter’s
syndrome), and prolonged oligohydramnios is
characterized by a decrease in lung size and cell
number together with narrow airways, a delay of
epithelial differentiation, and surfactant defi-
ciency (98). The importance of oligohydramnios
was shown in study of 5,228 women with oligo-
hydramnios during the third trimester (99).
When compared to 20,912 unaffected pregnan-
cies, the offspring of the oligohydramnios group
had increased rates of respiratory failure and
increased rates of hospitalization.

Another important cause of decreased amni-
otic fluid is early preterm prelabor rupture of
membranes (pPROM), often occurring during
the second trimester. Relatively short-term oligo-
hydramnios caused by ruptured membranes in
the sixteenth to twenty-eighth week of gestation
can also result in pulmonary hypoplasia; the
severity in general correlates with the length of
the oligohydramnios (100). Williams and col-
leagues reported their two-year follow-up of fif-
teen survivors whose mothers had ruptured their
membranes before twenty-five weeks of com-
pleted gestation (101). Surprisingly they did not
note a difference in BPD between the groups, but
those infants with pPROM had increased length
of respiratory support and increased hospital stay.
Encouragingly, these affected infants did not have
neurological deficits, but they did have increased
postdischarge hospital readmissions for respira-
tory illness.

Pulmonary hypoplasia can also result from
either a restriction of lung growth or the absence
of fetal breathing (102). Any reduction of the
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chest cavity by a mass, effusion, or external com-
pression can impact lung growth. Lung hypopla-
sia can be minimal or very severe. Infants with
congenital diaphragmatic hernia have more
severe hypoplasia on the ipsilateral side than on
the contralateral side, although the contralateral
lung may be hypoplastic (103). The lungs have
decreased acinar units as well as delayed epithelial
maturation with an associated surfactant
deficiency.

Lung growth is dependent on the coordinated
interaction between the intra- and extrathoracic
volumes, adequate fetal lung volume and fluid
production, and breathing movements. Disturb-
ance of any of these factors will disrupt normal
development of the fetal lung.

Knowledge gaps and the future: Although the
concept of origin of cardiovascular and respiratory
diseases in adults due to perturbations in early
infancy is well known, the fetal origins hypothesis
is still relatively new. We have reviewed a number
of fetal insults including infection, inflammation,
mechanical perturbations, and toxin exposure to
the fetus as determinants of aberrant lung growth.
Much of these observations are still at an early
descriptive stage. Focused research using animal
models and targeted clinical studies will be needed
to unravel mechanisms of the pulmonary insult.
A major area that desperately needs further study
is the understanding of developmental ontogeny
of the innate immune system of the fetus. How
does the fetal immune system recognize and
respond to its environmental challenge remains a
mystery. The clinical correlate of this question is:
Does the patterning of fetal immune system by
exposure to infectious/inflammatory insult lead to
lasting effects, and if so, what are the pathways?
Pulmonary diseases such as reactive airway disease
particularly resulting from prenatal exposures

likely are mediated by aberrant lung growth and
aberrant immune modulation. Understanding the
relative contributions of these pathways will be
important to devise targeted therapies. Similar
questions can be asked about how mechanical
stretch mediates lung development in the fetus.
At present, treatment with antimicrobials alone
have not shown to substantively improve perinatal
outcomes even for women with chorioamnionitis.
In the future, it may be important to devise anti-
inflammatory immunomodulatory therapies as
adjunct to antimicrobials to optimize the perinatal
outcomes including optimizing pulmonary out-
comes for the fetus. Vitamin C supplementation
for women who are not able to cease smoking
during pregnancy might be an inexpensive but
effective treatment to improve pulmonary out-
comes of the fetus.

Summary
A multitude of exposures can affect fetal lung
development. Understanding the physiology and
basic mechanisms of fetal lung development may
allow us to intervene in the future. For example,
imaging studies are being used to predict the
degree of lung hypoplasia in high-risk pregnan-
cies. Unfortunately, antenatal prediction of pul-
monary hypoplasia is still far from accurate.
However, more sophisticated imaging modalities
in the future can improve the antenatal prediction
of pulmonary hypoplasia. Currently, the long-
term benefits of fetal tracheal occlusion therapy
to reduce pulmonary hypoplasia resulting from
diaphragmatic hernia have not been proven, and
this therapy remains investigative. Finally, public
health measures to reduce fetal exposure to toxins
that adversely affect lung development need to be
intensified.
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Chapter

11
Chronic Neonatal Lung Injury and Care
Strategies to Decrease Injury
Robert P. Jankov and A. Keith Tanswell

Abstract
Currently, virtually all cases of bronchopulmonary dysplasia (BPD) occur in infants with birth
weights <1250 g. A minority of these infants will develop a severe form of BPD, which evolves
into a long-term failure of alveologenesis and vasculogenesis or, in some, a progressive
pulmonary hypertension leading to an early death. Effective interventions, based on the
mechanisms underlying the lung injury, most need to be developed for this group. We review
putative mechanisms of lung and vascular injury, drawn on data from both clinical studies
and animal models, then review currently used and potentially promising interventions.
Despite numerous initiatives in clinical management, the overall incidence of BPD remains
unchanged. Downward or upward manipulation of oxygen saturations is limited by increased
risks of neurological impairment or retinopathy. Attempts to minimize ventilator-induced
volutrauma have generally been disappointing, though avoidance of early intubation may be
beneficial, and a volume-targeted approach to ventilation appears promising. Uncertainties
exist about dosing, safety, and efficacy of such therapeutic interventions as high-dose vitamin
A and caffeine in the currently most susceptible infant population. Promising approaches
based on animal studies, but not yet adequately assessed in human infants, include the use of
nonsteroidal antiinflammatory agents, antiprotease therapy and targeting bombesin-like
peptides.

Keywords:
BPD, pulmonary hypertension, chronic neonatal lung injury, oxygen toxicity, volutrauma,
VILI, therapeutic interventions, clinical management, animal models, potential therapies

Bronchopulmonary Dysplasia as
Originally Described
Positive pressure ventilation for the treatment of
respiratory distress syndrome (RDS) in preterm
infants came into clinical practice in the mid-
1960s (1). Shortly thereafter, the chronic neonatal
lung injury known as bronchopulmonary dyspla-
sia (BPD) was first described by Northway and
colleagues (2). The affected infants, as described,
all had severe respiratory failure, were ventilated
with high O2 concentrations, and required high
inflation pressures. The clinical course evolved
over approximately four weeks from RDS to
severe respiratory failure. This was accompanied
by a classic sequence of radiological changes. The
initial X-ray changes of RDS were replaced by a
“whiteout,” which cleared to demonstrate mul-
tiple cystic lesions. If infants survived this stage,
a streaky pattern consistent with pulmonary
fibrosis appeared, though the pattern may actually
have been attributable to distended lymphatics.

There was a high mortality rate of approximately
60%. At autopsy there was evidence of both
atelectasis and emphysematous changes, pulmon-
ary fibrosis, marked airway injury, and in many,
evidence of pulmonary hypertension (PHT).

While the BPD terminology has been pre-
served over the intervening years the clinical,
radiological, and pathological features of chronic
neonatal lung injury have changed dramatically.
The affected population has changed, the clinical
course is generally less severe, the classic
sequence of radiological changes is no longer
evident, and airway injury and pulmonary fibro-
sis are no longer common pathological features.
The reasons for this evolution must relate to
improvements in neonatal care, including the
use of antenatal steroids, postnatal surfactant
therapy, and improved ventilator design, but
their specific contributions are unknown. Indeed,
it is not even certain that the disease as originally
recognized has the same underlying causes as
that observed in the current era (3).
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Bronchopulmonary Dysplasia in the
Current Era
Advances in neonatal care have had a major
impact on the survival of extremely low-birth-
weight (ELBW) infants. This has been associated
with an increase in the number of ELBW infants
surviving BPD. The most commonly used clinical
definition of BPD in the current era has been an
O2-dependency at thirty-six weeks postmenstrual
age. Virtually all cases of BPD occur in infants
with birth weights <1250 gm, with an incidence
ranging from 25 to 42% (4), accounting
for 10–15,000 new cases per year in the United
States (5). In the current era, with the use of
antenatal steroids and surfactant replacement
therapy, ELBW infants often have a minimal
degree of respiratory distress initially, requiring
little O2 supplementation and ventilatory support
and frequently can be rapidly extubated to non-
invasive modes of respiratory support. Many
will subsequently go on to have a progressive
deterioration in respiratory function, requiring
an increase in inspired O2 and prolonged invasive
respiratory support. Fortunately, the majority
will eventually be extubated and be asymptomatic
at the time of discharge home.

The use of an O2-dependency at 36 weeks
postmenstrual age as a clinical definition of
BPD is limiting, in that it does not differentiate
between mildly and severely affected infants. This
has led to the development of a classification
scheme that differentiates between three levels
of severity (6). A minority of ELBW infants will
develop severe BPD, sometimes heralded by a
limited initial response to surfactant and/or
deteriorations associated with development of air
leaks, a hemodynamically significant patent
ductus arteriosus (PDA), and/or episodes of
sepsis. Requirements for O2 supplementation
and invasive ventilation in this population are
both significant and prolonged.

Pathological Features of BPD
The major pathological features of severe BPD in
the current era are an inhibition, or arrest, of
alveolar formation from the in-growth of second-
ary crests into larger precursor saccules and an
associated thickening of the interstitium (7). The
inhibited or arrested alveolarization of severe
BPD may last many years, even into adult life (8).

BPD-Associated Pulmonary
Hypertension
Chronic PHT, characterized by persistently raised
pulmonary vascular pressure and resistance, is a
common finding in BPD (9). Many of the most
severely affected infants with BPD will have
associated PHT. Persistent hypoplasia of the pul-
monary microvasculature is also evident (10),
leading to reduced vascular surface area. Remod-
eling of pulmonary resistance arteries due to
smooth muscle hyperplasia and distal extension
of smooth muscle into normally nonmuscular
arteries, which are evident at autopsy, is pathog-
nomonic of BPD-associated PHT.

Because PHT may be clinically silent,
screening for PHT should be considered in all
infants at risk of BPD. Other than risk factors
for BPD, additional risk factors for PHT that are
evident at birth include maternal pre-eclampsia,
prolonged oligohydramnios, and being small for
gestational age (11). Available studies estimate
the incidence of echocardiographic signs of
PHT at between 17 and 43% of BPD cases over-
all (12–14). The incidence and severity of
chronic PHT increases in parallel with the
severity of lung disease, being present in as
many as 60% of the severest cases (12). Given
the retrospective nature of the majority of pub-
lished data, the true incidence of PHT in BPD
may well be greater than currently appreciated.
Pathological contributors to PHT include sus-
tained pulmonary vasoconstriction, exaggerated
vasoreactivity, vascular hypoplasia, and arterial
wall remodeling. The extent to which the latter
two structural features contribute to a “fixed”
(i.e., irreversible) form of chronic PHT is
unknown.

The eventual diagnosis of BPD is frequently
heralded by respiratory deterioration during the
first two weeks of life, at which time PHT may be
apparent. In the vast majority of cases, chronicity
of PHT is established by 36 weeks corrected gesta-
tional age (14). Although it remains unclear
whether chronic PHT is simply a marker of BPD
severity or contributes to adverse outcomes in its
own right, the diagnosis of chronic PHT imposes
a far greater burden of illness, resulting in
lengthening of neonatal intensive care unit
(NICU) stay, prolongation of need for O2

therapy, and a fourfold increase in mortality
during the NICU stay (13). Comorbidities that
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worsen or inhibit recovery of lung function will
also exacerbate PHT, including the persistence of
shunts that increase pulmonary blood flow (PDA)
or large systemic-pulmonary collateral vessels
with left to right shunts, airway abnormalities
(subglottic stenosis, tracheomalacia, distal airway
obstruction), gastroesophageal reflux, and factors
contributing to poor growth, such as suboptimal
nutrition and prolonged or repeated courses
of corticosteroid therapy. The presence of pul-
monary vein stenosis is an occasional finding in
ex-preterm infants that heralds an extremely
poor prognosis, especially in late-onset cases in
which PHT is apparent after term-corrected
gestation.

Retrospective data suggest that the majority
of infants with BPD-associated PHT will dem-
onstrate gradual improvement in hemodynamic
parameters during the first year of life, as lung
function improves. However, prospective long-
term data on these patients is lacking, and there
is no knowledge regarding the potential for the
reappearance of PHT later in life. For infants
with severe BPD, progressive chronic PHT is
common, ultimately leading to right ventricular
failure and early death, in most cases within one
year of diagnosis. Pulmonary hypertensive crises
and cardiac arrest are also common, frequently
precipitated by worsening hypercapnia and/or
systemic hypotension in the settings of improp-
erly applied mechanical ventilation, anesthesia,
sedation or intercurrent infection.

Objectives of this Chapter
ELBW infants who develop severe BPD may have
a long-term failure of alveolar and vascular
growth, with an associated long-term impair-
ment of pulmonary function, as well as an
increased incidence of impaired neurodevelop-
mental outcome. It is this population for which
prevention of BPD and PHT is critical. The most
effective way of preventing the development of
BPD would be to avoid premature delivery. In
the absence of any such effective intervention,
preventive therapy for BPD and associated PHT
must be targeted at the contributing factors that
lead to lung injury and their underlying mechan-
isms of action. In the following pages we will
review putative mechanisms of injury in the pre-
term newborn lung and pulmonary vasculature,
drawn from both clinical data and animal

models, then review currently used and poten-
tially promising interventions.

Factors That May Contribute to
the Development of BPD and
BPD-Associated PHT
Genetic Factors
It has been recognized in recent years that genetic
factors may contribute to the development of
BPD with, for example, genetic polymorphisms
in TNF-α, Toll-like receptor (TLR)-10 and vascu-
lar endothelial growth factor (VEGF) being sus-
pected of playing a role (15). Single-nucleotide
polymorphisms (SNPs) in, for example, the fibro-
blast growth factor (FGF) receptor-4 have also
been identified as being associated with the devel-
opment of BPD (16). The enormous complexity
of this field is evident from the results of a recent
whole genome expression study, which revealed
alterations of the expression of nearly 10% of the
genome in BPD patients (17). Although genetic
factors almost certainly contribute to the develop-
ment of BPD, no specific loci have yet
been consistently associated with increased risk
for chronic PHT in this population. There is no
question that research in this area could provide
us with key mechanistic insights into the develop-
ment of BPD and BPD-associated PHT. However,
lessons learned from such approaches used for
diseases such as asthma and cystic fibrosis suggest
that translation of such insights into clinically
useful interventions may not be rapid.

Oxygen Toxicity
Oxygen toxicity has been recognized as a possible
cause of, or contributing factor to, BPD since the
time that BPD was first described. That O2 tox-
icity is still relevant in the current era has been
clearly demonstrated in trials comparing different
target O2 saturations (18) in which the high target
group had adverse pulmonary outcomes. Unfor-
tunately, low saturation targets, previously
thought to be in a clinically safe range, have been
associated with an increased mortality (19), thus
markedly limiting the O2 saturation range avail-
able for safe clinical use. A range of 90–95% has
been suggested, recognizing that any reduction in
mortality may be accompanied by an increase
in retinopathy of prematurity.
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Oxygen can be toxic by a direct cytotoxic
effect of an increased O2 tension, attributable to
reactive oxygen species (ROS). ROS production in
lung tissue, in the form of mitochondria-derived
superoxide, is directly proportional to the PO2

to which the lung is exposed (20). Exposure to
moderate O2 concentrations leads to an influx of
ROS-generating neutrophils and macrophages
(21,22). As shown in Figure 11-1, these effects
can be additive. Of note is that extreme hyperoxia
generates several-fold more superoxide than that
attributed to a phagocyte influx. Saugstad
authored an excellent review of the evidence for
oxidative stress contributing to the development
of BPD (23). Animal data have demonstrated that
maturation of enzymatic antioxidants is gestation
dependent. It has been thought that the ELBW
infant is particularly at risk from ROS-mediated
injury at birth, due to a reduced antioxidant
defense system being less able to contend with
the acute increase in ROS production induced
by the acute increase in intrapulmonary O2

tension that occurs at birth. This is amplified by
the use of supplemental O2 during resuscitation
and thereafter. There is ample evidence, from
measurement of various markers of oxidative
stress, that the ELBW infant has been subjected
to oxidative stress prior to the diagnosis of
BPD being made, and that oxidative stress is
evident in the lungs of infants with BPD. There
has been a growing concern that the use of 100%
O2 in the delivery room during resuscitation is
such a cause of early oxidative stress, and that
effective resuscitation can be achieved with lesser
concentrations of O2. Activation of NF-κB
by ROS could certainly link oxidative stress
to inhibition of genes regulating lung growth.
However, these observations do not prove a
cause-and-effect relationship.

We have begun to question a uniformly toxic
role for O2-derived ROS in the development of
BPD, based on observations in a rat model
of BPD. Rat pups exposed to 60% O2 for 14 days
that have received interventions to limit lung
inflammation actually have acceleration alveolar
formation and increased estimated alveolar
numbers (22,24,25). This would suggest, at least
in this model, that it is the inflammatory cells
rather than ROS that are important for the devel-
opment of the lung injury and associated vascular
remodeling. The stimulatory effect of 60% O2 on
alveologenesis is likely to be mediated by lipid
hydroperoxides, which have been shown to regu-
late normal alveologenesis in the newborn rat.
Rat pups have immature alveolar development at
birth, but do have mature antioxidant enzyme
development, so this does not completely mimic
the human situation with ELBW infants. How-
ever, the possibility that ROS are less uniformly
toxic than previously thought may help to explain
the disappointing results with antioxidant inter-
ventions, such as recombinant superoxide dismu-
tase and N-acetylcysteine in human trials.

Ventilator-Induced Lung Injury
Ventilator-induced lung injury has also been rec-
ognized as a possible cause of, or contributor to,
BPD since the time that BPD was first described.
There is a plethora of literature to support the
induction of lung injury by excessive tidal
volumes, but evidence to support lung injury at
clinically applicable tidal volumes is more limited.
Attempts to minimize volutrauma by the use of

0

1

2

3

4
C

ya
ni

de
-r

es
is

ta
nt

 O
2 

co
ns

um
pt

io
n 

(n
m

ol
/m

in
/m

g 
pr

ot
ei

n)

Figure 11-1. As a measure of superoxide production,
cyanide-resistant O2 consumption was measured in lung
homogenates from rat pups. Rat pups that had been exposed
to 60% O2 for 14 days (light gray) had double the superoxide
production of those exposed to air for 14 days (black), despite
both sets of homogenates being equilibrated with 21% O2,
indicative of phagocyte-generated superoxide. To emulate
superimposed hyperoxia, homogenates from rat pups that had
been exposed to 60% O2 for 14 days were equilibrated with
100% O2 (dark gray), resulting in a several-fold increase in
superoxide production. Modified from Jankov, Johnstone,
Robinson, et al. Free Rad Biol Med. 2003;35:200-209.
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high-frequency ventilation (26) and permissive
hypercapnia (27) have shown no benefit. The
sustained use of high-frequency ventilation would
not seem to be an appropriate clinical option,
given the requirement for cyclic lung expansion
during fetal breathing movements to sustain lung
growth. “Therapeutic” hypercapnia has been
extremely effective in animal models of BPD
(25) and chronic neonatal PHT (28), but this
approach is unlikely to be destined for clinical
use given that passive hypercapnia is associated
with adverse neurological outcomes (27) and,
based on animal data, an increased risk of retino-
pathy of prematurity. Recent data in adult
animals suggests that benefits of therapeutic
hypercapnia may be replicated by induction of
mild–moderate metabolic (nonhypercapnic) acid-
osis (29). While requiring confirmation of effi-
cacy in neonatal animal models, “permissive” or
“therapeutic” acidosis could represent a poten-
tially more translatable strategy than hypercapnia.

A large before-and-after quality improvement
initiative, including delivery room extubation
and the decreased use of conventional ventilation
in favor of CPAP, actually showed an increase in
BPD during the quality improvement cycle (30).
However, when assessed by meta-analysis in isol-
ation, there seem to be small, but significant, bene-
fits from avoiding endotracheal intubation (31)
and applying nasal CPAP in the delivery room
after surfactant therapy in ELBW infants (32).
Unfortunately, more than half of these infants will
go on to require subsequent intubation and mech-
anical ventilation. The use of noninvasive modes
of intermittent positive pressure ventilation has
shown no reduction in the rate of BPD when
compared to nasal CPAP alone (33). However,
the use of volume-targeted ventilation rather than
pressure-limited ventilation has been associated
with a reduced combined outcome of death or
BPD (34). Induction of pro-inflammatory cytokine
release occurs rapidly and at relatively low distend-
ing pressures. Any adverse effects of ventilation are
likely to be associated with the release of pro-
inflammatory cytokines and a resultant phagocyte
influx, which would be additive to that caused by
hyperoxia and any concurrent sepsis (5).

Hyperbilirubinemia
Given the known antioxidant properties of biliru-
bin, it might seem that some degree of jaundice

in the early days of life may have evolved as a
protective mechanism to assist in adapting to the
acute oxidative stress induced by birth, particu-
larly by preterm birth. However, the opposite may
in fact be true. In a study comparing aggressive
with conservative phototherapy, there were
significant beneficial effects of aggressive photo-
therapy on the development of BPD and the com-
bined outcome of BPD and death (35).

Sepsis
There is very strong evidence to support a role for
both early and late bacterial sepsis with the devel-
opment of BPD (36). This is most likely attribut-
able to the inflammatory response induced by
sepsis.

Ureaplasma
There is a clear association between the develop-
ment of BPD and pulmonary colonization with
Ureaplasma species. What has been a bone of
contention for many years has been whether this
is a causal association. This issue has been recently
comprehensively reviewed (37). There is a general
consensus that Ureaplasma from the lower genital
tract can ascend during pregnancy to cause chor-
ioamnionitis and result in preterm delivery. Injec-
tion of Ureaplasma into the amniotic fluid of
early-gestation sheep does result in a mild inflam-
matory response in the fetal sheep lung. There
were some transient architectural changes in lung
structure. Similar studies in nonhuman primates
showed a greater degree of inflammation and sig-
nificant changes in pulmonary function. There
are, therefore, species differences in respect to
sensitivity to Ureaplasma. With respect to reports
from studies with human infants the available
literature is confusing and contradictory and pro-
vides no clear answers as to any causal role for
Ureaplasma in the development of BPD. To date,
attempts to prevent BPD by treatment with
macrolide antibiotics have been disappointing.

Packed Red Blood Cell Transfusion
There is a reported association between packed
red blood cell transfusions and the development
of BPD (38). Consistent with such a finding has
been a single report that there is a decrease in
the incidence of BPD with erythropoietin admin-
istration, prescribed for treatment of anemia of
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prematurity (39). However, there remain signifi-
cant concerns about the association between ery-
thropoietin administration and increased severity
of retinopathy of prematurity (40), as well as there
being paradoxical animal data suggesting an
increased risk of ventilator-induced lung injury
in premature lambs treated with erythropoietin.
These latter observations argue for caution in the
use of erythropoietin for prevention of BPD until
both safety and efficacy have been confirmed.

Patent Ductus Arteriosus and Its
Treatments
This issue has been the subject of a recent excel-
lent review (41). In brief, the presence of a per-
sistent left-to-right shunt across a PDA impairs
lung mechanics due to an increased rate of hydro-
static fluid filtration into lung tissue, with a result-
ant prolongation of the need for mechanical
ventilation. Use of pharmacological agents to
induce an early closure of the PDA does seem to
reduce the incidence of both intraventricular and
pulmonary hemorrhage, but there is no conclu-
sive evidence to support a role for persistent PDA
in the development of BPD. There is, however,
convincing evidence that surgical ligation of a
PDA is an independent risk factor for the devel-
opment of BPD. Diuretics have been commonly
used in an attempt to improve lung mechanics.
Parenteral administration of loop diuretics, such
as furosemide, do have a short-term beneficial
effect on lung compliance and O2 requirement,
but evidence for long-term benefit is lacking.
Similarly, evidence for long-term benefits of thia-
zide diuretics or spironolactone are also lacking.

Interventions Aimed at Reducing the
Incidence/Severity of BPD
Therapies Targeting Lung Growth
As stated earlier, a cardinal feature of BPD in the
current era is impaired alveologenesis, angiogen-
esis, and lung growth. Impaired pulmonary
angiogenesis has been suggested to represent a
primary event (42). Postnatal treatment with
a stimulator of growth related genes, vitamin A,
has been shown to reduce the incidence of
BPD (43). Despite this, many NICUs do not use
vitamin A prophylaxis. This may relate to
whether the size of the benefit is seen to justify a

prolonged course of intramuscular injections.
As recently reviewed (44), there are also uncer-
tainties about dosing, safety, and efficacy of high-
dose vitamin A in the current population of
ELBW infants. Widespread acceptance of vitamin
A prophylaxis likely depends on the results of
current trials assessing an intravenous delivery
approach, with ongoing assessments of efficacy
and safety.

Alveologenesis begins at approximately 35
weeks of gestation in the human. It is a process
in which secondary crests grow into large precur-
sor saccules to subdivide them into smaller alveoli
and increase gas-exchange surface area. All appro-
priately grown ELBW infants are delivered prior
to the onset of alveologenesis. Growth factor
regulation of alveologenesis, at least in rodents,
requires a number of individual growth factors
such as VEGF, platelet-derived growth factor
(PDGF)-AA and-BB, hepatocyte growth factor
(HGF), FGF-7 (also known as KGF), and
insulin-like growth factor (IGF)-I (45). That
interventions targeted to each of these individual
growth factors can arrest/impair alveologenesis
(45) suggests that they act in concert to coordin-
ate the process of secondary crest formation
during rodent alveologenesis, which is dysregu-
lated during lung injury, leading to impaired
alveologenesis. A number of observations suggest
that the same pathways may be dysregulated in
human infants developing BPD. Serum IGF-I
concentrations are reduced in infants developing
BPD, as are levels of VEGF in their bronchoalveo-
lar lavage and urine. In premature human neo-
nates, a high concentration of FGF-7 in their
airways is associated with a reduced risk for
BPD. Reduced concentrations of HGF in tracheal
aspirates are also associated with the development
of BPD.

If several growth factors act in concert to
regulate alveolar development, it seems unlikely
that treatment with any one growth factor will
restore the impaired alveologenesis induced
by neonatal lung injury. Recombinant human
FGF-7 (rhFGF-7) protected newborn rats from
hyperoxia-induced lethality, but not from
hyperoxia-induced inhibition of postnatal alveo-
logenesis (46,47). However, in contrast, rhHGF
did partially improve hyperoxia-induced impair-
ment of alveologenesis in neonatal mice (48), and
both adenovirus mediated VEGF gene therapy
(49) and treatment with rhVEGF (50) preserved
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alveolar development in hyperoxia-exposed new-
born rats. It is difficult to understand why therapy
with a single growth factor, such as rhHGF or
rhVEGF, can restore impaired alveologenesis if
physiological alveologenesis requires the coordin-
ated expression of several growth factors acting
independently. Perhaps their protective effects are
mediated by their anti-inflammatory properties,
rather than their effect on DNA synthesis. Any
consideration of the chronic use of such agents as
rhVEGF in human infants must be tempered
by observations in transgenic mice. Chronic over-
expression of VEGF in the lungs of transgenic
mice resulted in increased infant mortality and
caused pulmonary hemorrhage, hemosiderosis,
alveolar remodeling, and inflammation.

Rather than supplementing positive effectors
of lung growth, a more profitable approach may
be to use antagonists of growth inhibitors, which
are upregulated during lung injury. The obvious
candidate is TGFβ1, which may be upregulated by
a peroxynitrite-mediated effect on myofibro-
blasts. Bronchoalveolar lavage fluid of human
infants who go on to develop BPD has been
reported to have both reduced latent TGFβ con-
tent and increased TGFβ1 content (51). Increased
TGFβ immunoreactivity is observed in lung tissue
at autopsy of infants with BPD (52). Overexpres-
sion of TGFβ1 in mutant mice (53) or neonatal
rats overexpressing TGFβ due to treatment with
an engineered adenovirus (54) have BPD-like
lung pathology. Increased TGFß expression has
been shown to be induced by hyperoxia in a
mouse model of BPD, and we have observed this
also to occur in a rat model of BPD. Inhibition of
TGFβ signaling has been shown to protect against
hyperoxia-mediated inhibition of alveologenesis
in rodents (55). The peroxisome proliferator-
activated receptor gamma (PPARγ) agonist, rosi-
glitazone, blocks the increase in TGFβ signaling
induced in neonatal rat lung by hyperoxia and
protects against hyperoxia-mediated inhibition
of alveologenesis. Protection is also seen using
the PPARγ regulator, curcumin. One way in
which TGFβ may act is through a downstream
stimulation of CTGF expression, which reversibly
stimulates an inflammatory response and an
inhibition of alveologenesis.

Optimizing nutrition in ELBW infants
through the standardized use of feeding guide-
lines has a number of advantages, which may
impact the risk of BPD (56). Earlier achievement

of full enteral feeds with discontinuation of par-
enteral nutrition lessens risks of central-line-
related sepsis. Earlier achievement of birth weight
reflects better nutrition, and undernutrition has
been demonstrated in animal models to impair
lung growth and enhance lung injury.

Caffeine
A significant reduction in BPD was observed in a
large randomized controlled trial (RCT) in which
infants were treated with caffeine for apnea of
prematurity or to facilitate extubation (57). Con-
cerns were raised about the generalizability of this
finding based on the maturity of the population
being studied and the fact that the finding was a
secondary, rather than a primary, outcome (58).
Subsequent large retrospective analyses support a
preventive effect of early caffeine therapy
against the development of BPD but, concer-
ningly, identified increased risks of either death
(59) or necrotizing enterocolitis (60) in the
caffeine-treated population. The mechanism by
which caffeine exerts any beneficial effect on lung
injury is unclear. A study in hyperoxic neonatal
rats suggested that its protective effects were
due to a reduction in pulmonary inflammation,
but another study in hyperoxic newborn mice
reported that caffeine therapy is associated with
increased inflammation, lung cell apoptosis,
and impairment of alveolar development.

Steroids and Nonsteroidal
Anti-Inflammatory Drugs (NSAIDs)
Antenatal steroids are given to reduce the risk of
RDS, but have no impact on the incidence of BPD,
even when given as multiple courses. Postnatal
dexamethasone was shown, many years ago, to
improve pulmonary function and facilitate extu-
bation in patients with BPD (61), and its use was
widely adopted. This widespread use was curtailed
due to its association with adverse neurologic out-
comes (62). The pendulum has swung back to a
limited extent with the realization that in severe
cases of BPD benefits of therapy may outweigh the
associated risks. Both the American Academy of
Pediatrics and the Canadian Paediatric Society
have made position statements supporting the use
of a short course of low-dose dexamethasone in
selected infants at very high risk of BPD after one
to two weeks of age. The effects of dexamethasone
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on the lung appear to vary, depending on the
duration of exposure and timing in relation to
developmental stage. Dexamethasone reverses
established chronic PHT in adult rats, yet prolonged
treatment of neonatal rats with dexamethasone,
during a period (days 3–14) when alveolarization
occurs, caused permanent lung hypoplasia and aug-
mented the severity of hypoxia-induced PHT when
pups reached maturity.

Alternate strategies, such as the systemic use of
a less-potent steroid, hydrocortisone, or inhaled
steroids to reduce systemic side effects are as
yet of no proven benefit. Results from ongoing
RCTs are awaited.

One of the mechanisms by which dexametha-
sone may have exerted its beneficial effects on the
immature lung is through its anti-inflammatory
properties. This may be mediated by its highly
selective inhibition of the cyclooxygenase-2
(COX-2) isoform. In a neonatal rat model of
BPD, exposure to 60% O2 resulted in an increased
lung tissue content of COX-2, but not COX-1.
Two recent studies in rodent models of BPD have
confirmed that selective COX-2 inhibitors are
effective anti-inflammatory agents in hyperoxia-
induced lung injury in both rat (24) and mouse
(63) models of BPD, suggesting that these agents
are worthy of further exploration.

Bronchodilators
Bronchodilators do have a place in the manage-
ment of bronchospasm observed in some patients
with BPD. They improve dynamic compliance by

reducing airway resistance. Their effects are tran-
sient, and there is no evidence to date to support
any long-term benefits.

Inflammation
There is a widely held view, with which we agree,
that BPD is a disease caused by pulmonary
inflammatory cell influx and inflammatory cell-
mediated tissue injury (5). Both O2 therapy and
ventilation-induced lung injury induce an inflam-
matory response, whereas the protection against
BPD associated with caffeine and some growth
factor therapies may be mediated by their anti-
inflammatory effects. Whether the prenatal
inflammation of chorioamnionitis is a significant
contributor to the development of BPD has been
an issue of recent vigorous debate (64,65), which
appears, as yet, to be unresolved.

Much of our understanding of the role of
inflammation in neonatal lung injury comes from
animal models of BPD. Depletion of neutrophils
in hyperoxia-mediated lung injury in neonatal
rodents protects against inhibition of alveologen-
esis (22, 66). As a start to our discussion of poten-
tial targets for intervention, we will use the
sequence of events that regulates the BPD-like
injury observed in neonatal rats exposed to 60%
oxygen for fourteen days (Figure 11-2). The likely
initiating event is injury to the alveolar epithelium
with the release of proinflammatory cytokines.
A critical proinflammatory cytokine in this model
is IL-1 because competitive inhibition of its recep-
tor prevents the lung injury (67). IL-1 is an
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IGF-I, PDGF-AA, -BB

F-Isoprostanes
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Pulmonary
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IL-1
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Elastin
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Figure 11-2. Schematic illustrating
the sequence of events leading to lung
injury in the neonatal rat exposed to
60% O2 for fourteen days from birth.
Abbreviations: T2P = type II
pneumocyte; IL-1 = interleukin-1; CINC-
1 = cytokine-induced neutrophil
chemoattractant-1; PMNL =
polymorphonuclear leukocytes/
neutrophils; AM = alveolar
macrophages; NO● = nitric oxide; O2

●–

= superoxide; ONOO– = peroxynitrite;
ET-1 = endothelin-1; IGF-R = insulin-like
growth factor receptor; PDGF-R =
platelet-derived growth factor receptor.
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upstream regulator of the neutrophil chemokine,
CINC-1, and blocking CINC-1 binding with a
CXCR2 antagonist also prevents lung injury
(22). Our current studies have shown that neutro-
phil elastase causes elastin fragmentation, with
elastin fragments being the chemotactic agents
responsible for the macrophage influx, as previ-
ously described by others in a model of adult
emphysema. The macrophage influx is essential
for the generation of PHT in this model (68) and
in another neonatal rat model of BPD-like lung
injury induced by systemic bleomycin (28).
Macrophage-derived NO combines with superox-
ide to form peroxynitrite (69), which acts on
arachidonic acid to generate F2-isoprostanes,
which bind to thromboxane A2 receptors to
stimulate endothelin-1 generation (70). Peroxyni-
trite has been shown to play specific roles in the
pathogenesis of experimental chronic neonatal
PHT, causing pulmonary vasoconstriction (71),
vascular remodeling (69,72), and right ventricular
dysfunction (73). Treatment with a peroxynitrite
decomposition catalyst prevents the PHT, paren-
chymal thickening, and impairment of alveolari-
zation observed in the 60% O2 exposure model
(69). This is likely to be due to normalization of
the expression of critical growth factors, normal-
ization of impaired physiological apoptosis, and
as our recent observations suggest, prevention of
nitration and inactivation of critical growth factor
receptors.

Can any of these observations suggest novel
approaches to therapy in BPD? An obvious target
is IL-1. Transgenic mice overexpressing IL-1β
develop a lung injury similar to BPD, with lack
of alveolar septation and impaired vascular devel-
opment of the lung, which may be mediated
through effects on the retinoic acid pathway. They
also have inflammation mediated by the increased
expression of neutrophil and macrophage chemo-
kines (74). Antagonism of IL-1β binding to its
receptor protects against neonatal animal models
of lung injury induced by hyperoxia (67) but not
that induced by excessive ventilation (75). IL-1β is
increased in the lungs and circulations of infants
developing BPD, so it does appear to be a rational
target for clinical intervention studies.

One of the most interesting, and promising,
observations from other animal models relates to
gastrin-releasing peptide (GRP), which is homolo-
gous to amphibian bombesin. GRP appears to be
a potent pro-inflammatory agent. Studies in

neonatal mice demonstrated that exogenous GRP
impaired alveolarization. Of great clinical rele-
vance was the observation in the 125-day gestation
baboon model of BPD that GRP was elevated, and
that an intervention with an antibombesin anti-
body was protective against impaired alveolariza-
tion (76). Elevated urine bombesin-like peptide
levels confer a tenfold increased risk of developing
BPD in human infants born at or less than
28 weeks gestation (77).

While targeting IL-1β or bombesin-like pep-
tides in ELBW human infants do seem like rea-
sonable approaches to reducing BPD, it must be
remembered that the ELBW population that
would be the target for such interventions is
already immunodeficient and at high risk of
septic episodes, so suppressing their inflamma-
tory response to reduce the risk of BPD could
concurrently increase their risk of sepsis.

Inhibition of Neutrophil Elastase
The concept that proteases, such as neutrophil
elastase, are critical for the development of chronic
neonatal lung injury has been around for many
years. An antiprotease intervention with α1-anti-
trypsin protected neonatal rats from O2-induced
chronic neonatal lung injury (78). Unfortunately, a
subsequent trial in human infants failed to show
benefit, likely due to rapid degradation of intratra-
cheally delivered α1-antitrypsin. Interest in inhib-
ition of neutrophil elastase as a means of
protecting against neonatal lung injury has been
reactivated by two recent publications, in which
increased levels of the specific neutrophil elastase
inhibitor elafin protected against ventilator-
induced lung injury (79,80). The authors attrib-
uted the observed protective effects to a preserva-
tion of the intact elastin scaffold necessary for
alveologenesis. There is ample evidence to support
this contention, in that elastin-knockout mice or
rats chronically exposed to an inhibitor of lysyl
oxidase and elastin cross-linking have impaired
alveologenesis. Our recent studies (Figure 11-2)
suggest the alternative or supplemental explan-
ation that inhibition of neutrophil elastase limits
elastin fragmentation and macrophage recruit-
ment, thus limiting peroxynitrite formation.

Therapies for BPD-Associated PHT
The mainstays of therapy for BPD-associated
PHT remain the same as those for BPD, including
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supplemental O2 when necessary, diuretics,
adequate nutrition, prevention of infection, and
correction of comorbidities that may contribute
to lung injury. Unfortunately, therapies specific to
pulmonary arterial hypertension employed with
success in older children and adults are unsup-
ported by good quality clinical data in patients
with BPD and are likely of doubtful value in this
context. Ideally, long-term treatment with pul-
monary vasodilators should only be instituted
following comprehensive evaluation of cardiopul-
monary hemodynamics by cardiac catheteriza-
tion, which allows for accurate determination of
PHT severity, evaluation of acute vasodilator
responsiveness, and definitive exclusion of major
collateral vessels, pulmonary vein stenosis, and
left heart disease as contributing factors (81).

Agents Targeting Peroxynitrite
Peroxynitrite is a major reactive nitrogen species
formed by the reaction of superoxide with NO.
Peroxynitrite can directly injure lung tissue by
nitration of proteins and lipids or, following deg-
radation, by generation of the hydroxyl radical
(Figure 11–3). NO can act as either a pro-oxidant
or an antioxidant, depending on the relative con-
centration of superoxide. When superoxide is in
excess, NO is a pro-oxidant through peroxynitrite
formation, whereas when NO is in excess, it is
an antioxidant by limiting lipid peroxidation
(Figure 11–4). This antioxidant property of NO is
not widely appreciated by clinicians but may
account for a number of its biological and pharma-
cological effects. Our data, using a peroxynitrite
decomposition catalyst in neonatal rats, suggests a
critical role for peroxynitrite in the 60% O2-
induced lung injury (69) and in pulmonary vascu-
lar injury secondary to chronic hypoxia exposure
(72). The peroxynitrite decomposition catalyst
results in peroxynitrite decomposing to nitrate,
rather than the toxic hydroxyl radical generated
by spontaneous decomposition, and reverses the
impaired lung growth and physiological apoptosis
observed in this model. Protection has been

observed in other models in which heavy metal–
containing synthetic antioxidants that also react
with peroxynitrite have been used.

Whether peroxynitrite plays as significant
a role in human BPD is unknown. Plasma 3-
nitrotyrosine content, a marker for peroxynitrite-
mediated reactions, is increased in the first month
of life in human infants developing BPD (82),
consistent with sustained peroxynitrite-mediated
reactions contributing to the development of the
lung pathology. However, were peroxynitrite a
critical mediator in human BPD, one might have
expected a beneficial effect of early treatment with
inhaled NO, which could potentially minimize
peroxynitrite formation, but no such effect has
been observed (83), despite ample experimental
data from animal studies to suggest that such an
effect would be observed. Possible explanations for
the lack of the expected effects of NO therapy in
human infants with BPD are discussed later.

Moreover, interventions targeting peroxyni-
trite, such as the use of peroxynitrite decompos-
ition catalysts, involve the use of heavy metal–
containing compounds, which are potentially

O2
– + NO ONOO– H+

ONOOH OH + NO2

Figure 11-3. Superoxide (O2
●–) reacts with nitric oxide (NO●)

to form peroxynitrite (ONOO–). This becomes protonated to
form peroxynitrous acid (ONOOH), which breaks down to form
hydroxyl (OH•) and nitrogen dioxide (•NO2).
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the lipid peroxyl radical (LOO●).
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toxic to the immature liver, based on observa-
tions in premature baboons delivered at
gestational age comparable to ELBW human
infants. This would make the testing of the cur-
rent generation of such compounds in ELBW
infants unlikely to meet the required safety
standards.

Nitric Oxide
Nitric oxide (NO) is a readily diffusible and
highly reactive free radical gas, first identified as
the “endothelium-derived relaxing factor” in
1987. NO-mediated vasorelaxation is critical to
the rapid decrease in pulmonary vascular resist-
ance following birth and maintenance of normally
low pulmonary vascular tone. NO is also critical
to alveolar development, in which angiogenesis,
mediated by NO downstream of VEGF tyrosine
kinase receptor activation plays a critical role.
Attenuated vascular NO signaling also contrib-
utes to the pathogenesis of acute and chronic
PHT in early life. Properties of NO on the lung
that are protective of experimental injury also
include anti-inflammatory, antioxidant, anti-
(smooth muscle) proliferative, and cytoprotective
effects. Augmentation of NO signaling has there-
fore been shown to reverse sustained vasocon-
striction, inhibit smooth muscle proliferation,
and stimulate angiogenesis and alveolarization in
various experimental lung injuries (84). NO sig-
nals in the vasculature by binding to soluble gua-
nylate cyclase, thus increasing production of
cyclic guanosine monophosphate (cGMP). NO
also signals via oxidation to nitrite, or by direct
nitrosylation of cysteine thiols to produce S-nitro-
sothiols, both of which mediate the extrapulmon-
ary effects of inhaled NO. However, NO also
contributes to disease states via generation of
reactive nitrogen species, which causes oxidation
and nitration.

Inhaled NO was rapidly adopted into clinical
practice in the early 1990s as a short-acting pul-
monary-selective vasodilator that remains in
common use in neonatal intensive care. Failure
of the postnatal transition leading to hypoxemic
respiratory failure, known as persistent PHT of
the newborn (PPHN), remains the only approved
indication for this therapy. An appreciation for a
critical role for attenuated lung NO signaling in
BPD-like injury derived from animal studies has
led to off-label use of inhaled NO, in an effort to

prevent BPD. However, despite promising results
in pilot studies, large trials have shown no benefit
of early prolonged exposure to iNO as preventive
therapy for BPD, on either short- or long-term
outcomes (83).

Phosphodiesterase Inhibitors
Neonatal rats exposed to 95% O2 develop pulmon-
ary hypertension and have arrested alveologenesis.
Treatment with Sildenafil, a phosphodiesterase-5
(PDE-5) inhibitor, which, like NO, acts by increas-
ing cGMP signaling, attenuates both the PHT and
the impairment of alveologenesis (85). These
results have been verified by other groups. Effects
of Sildenafil were attributed to stimulated capillary
formation with vasculogenesis driving alveologen-
esis. This is consistent with the protective effect of
the angiogenic agent, adrenomedullin, in the same
model. The enhanced vasculogenesis may bemedi-
ated by an upregulation of HIF-1/2α and its down-
stream mediator VEGF. Despite the promising
animal studies, a recent pilot study of sildenafil
for prevention of BPD was disappointing (86).
Inhibition of PDE-4, which increases cyclic adeno-
sine monophosphate (cAMP) signaling, has been
reported both to have, and not to have, protective
effects against hyperoxia-induced lung injury.

Novel NO-Based Therapies
Assuming that the biological rationale for
NO-based therapy in the prevention of neonatal
lung and pulmonary vascular injury is sound,
there are several possible explanations for the dis-
appointing results of human studies. First, that the
beneficial effects of exogenous NO are counterbal-
anced by adverse ones (e.g., leading to enhanced,
rather than diminished, nitration) and/or that
inhalation of NO gas is a suboptimal means
of providing NO to tissues in which endogenous
production is deficient. Circulating and tissue-
bound S-nitrosothiols contribute importantly to
NO-cGMP signaling (87) and cause reversible
posttranslational regulation of protein function
in a manner akin to phosphorylation. Inhaled
NO has been shown inferior as a means of improv-
ing tissue NO function in experimental animals,
when compared to S-nitrosothiol-based (inhaled
ethyl nitrite) therapy (88). In pilot human studies,
inhaled ethyl nitrite improved oxygenation and
hemodynamics in term infants with PPHN (89);
however, no studies have been carried out to date
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in preterm infants. Another potential means to
boost the potential benefits of exogenous NO
may be as combination therapy with other agents
known to improve lung growth and decrease lung
injury, such as vitamin A.

Nitrite was until recently considered a physio-
logically inert by-product of NO oxidation. It is
now apparent that circulating nitrite is recycled
in tissues to form NO, thereby acting as a stable
endocrine pool for “NO-like” bioactivity that is
complementary to endogenous nitric oxide
synthase (NOS) (90). Systemic or inhaled inor-
ganic nitrite possesses many theoretical advan-
tages over other forms of NO-based therapy in
that tachyphylaxis does not occur with chronic
dosing, effects are of relatively rapid onset and
last many hours, and (sodium) nitrite is inexpen-
sive and stable. Protective effects of sodium nitrite
on adult experimental models of ischemic injury
and chronic PHT have been reported (90), but no
studies in neonates have been reported to date.

Novel Approaches to Improve
Endogenous NO Function
Endogenous NO production by endothelial NOS
(eNOS) requires an adequate supply of substrate,
L-arginine, and arginine precursors, including L-
citrulline. In the absence of sufficient substrate,
“uncoupling” of eNOS results in a shift from NO
to superoxide production, leading to oxidative and
nitrative stress. Upregulation of arginases are an
important cause of substrate deficiency directly
contributing to inflammation and lung injury,
which is preventable by hypercapnic acidosis (91)
or by arginase-specific inhibitors (92). Supplemen-
tation of L-citrulline has also been shown to inhibit
arginase and to prevent hyperoxia-induced lung
injury in neonatal rats. Tetrahydrobiopterin
(BH4) is an important cofactor for eNOS to
remain in a coupled state. Newborn mice haploin-
sufficient for GTP cyclohydrolase I, a rate-limiting
enzyme in BH4 synthesis, spontaneously develop
chronic PHT (93). eNOS function may be
restored, at least in vitro, by treatment with L-
sepiapterin, which serves as a substrate for BH4
synthesis.

Rho-Kinase Inhibition
Activation of the small GTPase, RhoA, and its
effector protein, Rho-kinase (ROCK), on

stimulation by G-protein-coupled receptor
ligands, including endothelin-1, thromboxane A2

and 8-isoprostane, is strongly implicated as a key
pathway regulating changes in pulmonary vascu-
lar tone and smooth muscle phenotype. Therapies
that enhance NO-cGMP signaling also suppress
RhoA/ROCK activation (94), and beneficial
effects of “statins” on pulmonary vascular disease
are believed to act through attenuation of this
pathway (95). Numerous animal studies and pilot
reports using single doses or brief infusions of
Fasudil, a ROCK-selective kinase inhibitor, in
human adults and children (96) with chronic
PHT have confirmed an efficacy that is equal or
superior to existing pulmonary vasodilators. In
neonatal rats with BPD-like lung injury, ROCK
inhibitors prevent and reverse pulmonary vaso-
constriction, vascular remodeling, and inhibited
pulmonary angiogenesis and alveolarization (97).
ROCK inhibitors are also effective when given by
inhalation. No studies employing ROCK inhibi-
tors have been conducted to date in human
neonates.

Future Directions and Barriers to
Progress
Parenchymal Lung Injury in BPD
Sadly, despite numerous initiatives in clinical
management, the overall incidence of BPD in
ELBW infants has not declined significantly. It
may be that there has been some impact on cer-
tain subpopulations of affected infants, which are
masked within overall data. Use of definitions that
allow categorization of mild, moderate, and
severely affected infants would seem to be an
appropriate first step to overcoming any such
hurdle.

There are some approaches to clinical
management of ELBW infants for which there is
high-quality supportive evidence from the
literature:

(i) Applying nasal CPAP after surfactant
therapy in the delivery room, and avoiding
endotracheal intubation if possible.

(ii) Maintaining O2 saturations in the 90–95%
range.

(iii) Using volume-targeted ventilation if
mechanical ventilation becomes necessary.

(iv) Using aggressive phototherapy to treat
hyperbilirubinemia.
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(v) Using pharmacological agents to induce an
early closure of the patent ductus arteriosus,
in an attempt to avoid surgical ligation.

(vi) Use of short courses of low-dose
dexamethasone in selected infants at very
high risk of BPD after one to two weeks
of age.

Even assuming that these clinical interventions
stand the test of time, their impact is likely to be
quite small. If major inroads are to be made, it
will likely be through pharmacologic interven-
tions based on mechanistic insights derived from
animal models. The two current prophylactic
pharmacologic interventions, for which there is
evidence of efficacy in the literature, are vitamin
A and caffeine. Both interventions are currently
subject to uncertainties about dosing, safety, and
efficacy in the ELBW population. These issues
need to be better resolved before we would feel
comfortable in recommending their use, but they
certainly may have a place once these uncertain-
ties are resolved. Even then, based on currently
available data, their impact is likely to be small.

Given the cumulative evidence to support a
critical role for inflammatory cell influx in BPD,
the development of effective approaches targeting
inflammation would seem to offer the most
promise. Perhaps the most promising approach,
based on data from extremely premature
baboons, would be to target bombesin-like pep-
tides. A small number of rodent studies suggest
that the use of NSAIDs should be further studied
for their clinical potential.

Suppression of the inflammatory response in
ELBW infants, as stated earlier, carries a significant
risk of being associated with an increased rate of
sepsis in this already immunosuppressed popula-
tion. Dampening the inflammatory response, with-
out completely suppressing it, may be an option
after appropriate dosimetry. Alternatively, being
able to target a critical downstream mediator of
lung injury due to inflammation, without directly
suppressing the inflammatory response, is an excit-
ing possibility raised by the recent observations with
neutrophil elastase inhibitors, which certainly seem
worthy of further exploration.

BPD-Associated PHT
The current lack of large prospective cohort stud-
ies documenting the incidence and clinical course
of BPD-associated PHT in prematurely-born

infants is a critical gap in knowledge that must
be addressed. Lung or heart–lung transplantation,
the only “curative” option for end-stage disease, is
rarely feasible in BPD-associated PHT, which
contributes to a paucity of high-quality human
tissue available for study and a consequently
greater reliance on mechanistic and therapeutic
insights from preclinical models. A major deter-
minant of long-term survival in progressive BPD-
associated PHT is the ability of the right ventricle
to maintain adequate output in the face of
increased pressure load, yet this aspect of disease
has only recently been considered as a distinct
therapeutic target (98). Right ventricular adapta-
tion to increased pressure load evolves from a
compensated (hypertrophied) state to a decom-
pensated (dilated) state, in which a progressive
decline in contractile function heralds imminent
death (99). This evolution appears to proceed
more rapidly in infants with chronic PHT than
in older children and adults. There is currently no
knowledge on the pathogenesis of right heart fail-
ure in formerly premature infants and currently
no published data from relevant animal models.

There are a number of barriers to progress
from our currently poor understanding of the
pathogenesis and natural history of chronic PHT
in BPD. Diagnosis of PHT and right heart dys-
function is problematic in small infants. Clinical
signs are unreliable, and catheterization is often
not feasible until well after term corrected
gestation, leading to a sole reliance on echocardi-
ography, at least for initial diagnosis. Echocardi-
ography can be challenging, especially for
evaluation of the right heart, due to the thin chest
wall of premature infants and frequent presence
of lung hyperinflation. Echocardiography-derived
parameters indicating raised pulmonary arterial
pressure, such as tricuspid regurgitant jet velocity,
are not measurable in all patients, and when pre-
sent have been shown to correlate poorly with
severity as determined by catheter measurement
(100). In addition, there are no agreed-upon def-
initions for echocardiographic diagnosis of PHT
in neonates, and certainly none for evaluation of
right heart function. Systematic study of echocar-
diographic parameters of right ventricular func-
tion that are useful in newborns is required,
incorporating new methodologies, including
tissue Doppler and strain imaging, that have
shown potential in children and adults. Finally,
the effects of therapies designed to ameliorate
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injury to the lung and pulmonary vasculature
could have unanticipated adverse effects on the
right ventricle. Such considerations have

important implications for translation of new
therapies and for adoption of existing therapies
employed in older children and adults.
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Chapter

12
Apnea and Control of Breathing
Christopher C. Stryker, AndrewDylag, and Richard J. Martin

Abstract
Maturation of neonatal respiratory control is an essential component of the developing
respiratory system. Transition from fetal to postnatal life requires continuous versus intermit-
tent respiratory neural output to minimize the risk of apnea with resultant desaturation and
bradycardia. Neonatal lung injury is a complication of our therapeutic interventions, many of
which may be necessitated by apnea of prematurity. There is, therefore, a need to understand
the physiologic maturation of respiratory control, which encompasses both chemo- and
mechanoreceptor input to a developing brain stem. A significant contributor to progress
has been the widespread use of xanthine (e.g., caffeine) therapy to enhance respiratory neural
output. Future studies should identify mechanisms for the ability of such treatment to benefit
both respiratory and neurodevelopmental outcomes.

Keywords:
Apnea of prematurity, bradycardia, desaturations, brain stem, chemoreceptors,
mechanoreceptors, xanthine therapy

Introduction
Respiratory control and its maturation has been a
subject of great interest to physiologists and clin-
icians since the 1960s. There are several compel-
ling reasons for this continuing interest. First,
apnea of prematurity is a significant clinical
problem throughout the hospitalization of pre-
term infants, and the resultant intermittent hyp-
oxia has potential adverse consequences. Second,
impaired respiratory control frequently requires
ventilatory support, which may be a major con-
tributor to neonatal lung injury. Finally, respira-
tory control provides a novel link between the
immature brain and developing respiratory
system, both of which are vulnerable to inflam-
matory insults. Greater understanding of this
linkage may provide new insights into the patho-
physiologic mechanisms underlying longer-term
respiratory and neurodevelopmental morbidity
in this high-risk population.

The Brain stem
Overview of Central Respiratory Control.
Breathing, a life-sustaining homeostatic process
that regulates levels of oxygen and carbon dioxide
in the blood and tissues, is carried out by the
musculature of the upper airways, diaphragm,
abdomen, and rib cage, and is under central con-
trol by respiratory neurons in the brain stem.

Under normal physiologic conditions, the brain
stem motor output pattern that results in
breathing movements consists of three phases:
inspiration, stage 1 of expiration (also known as
postinspiration), and stage 2 of expiration (1).
The timing, duration, and magnitude of each
phase are determined by the coordinated actions
of the various types of respiratory neurons. In
early postnatal life when lung volume may be
compromised, firing of inspiratory neurons into
the expiratory phase may serve to maintain func-
tional residual capacity (FRC) via both diaphrag-
matic and laryngeal braking (2).

The neural circuitry that generates respiratory
rhythm and governs inspiratory and expiratory
motor patterns is distributed throughout the pons
and medulla (Figure 12-1). The respiratory cen-
tral pattern generator (CPG), a specialized neural
circuit that is intrinsically capable of producing
rhythmic activity and motor outputs without
sensory feedback, is the fundamental feature of
this network that enables breathing to occur auto-
matically and to be sustained continuously
throughout life (1). The CPG, however, does not
function in isolation. Central and peripheral sens-
ory inputs carry state-characterizing information
from multiple sources and influence the activity
of the CPG, thereby allowing adjustments to the
patterns of inspiratory and expiratory activity in
response to changing metabolic conditions. For
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example, inhibitory sensory inputs from the
upper airway may be particularly prominent in
early postnatal life to serve both a protective func-
tion and yet to trigger potentially clinically sig-
nificant apnea (Figure 12-2).

The primary rhythm-generating and pattern-
forming network is rostrocaudally organized
along the entire length of the ventrolateral
medulla, forming bilateral columns of intercon-
nected respiratory nuclei called the ventral
respiratory columns (VRC). The pre-Bötzinger
complex (pre-BötC) of the ventrolateral medulla
is the main source of respiratory rhythm gener-
ation (3). The pre-BötC is a core group of synap-
tically coupled neurons that possess autorhythmic
or pacemaker-like activity. Intrinsic cellular prop-
erties of the pre-BötC enable the neurons to gen-
erate a rudimentary pattern of inspiratory activity
when experimentally isolated in vitro (4). In the
intact brain stem, however, generation of inspira-
tory rhythm is much more complex. The role of
the pacemaker-like cells is diminished by the
rhythmic inhibitory, tonic excitatory, and other
modulatory inputs that converge on the pre-Böt-
zinger complex. Unfortunately, there is very
limited information regarding maturation of
changes in these pacemaker structures and their

influence on formation of the respiratory pattern
during early maturation.

Neuronal populations within the nucleus of the
solitary tract (NTS), retrotrapezoid nucleus (RTN),
and medullary raphé nuclei integrate state-
characterizing sensory information and influence
the respiratory motor output in response to phy-
siologic stimuli. The NTS is the site of termin-
ation of sensory afferents (slowly adapting stretch
receptors (SARs), rapidly adapting stretch recep-
tors (RARs), and C-fibers) from the lungs and
airways. The NTS serves as the brain’s first pro-
cessing center for sensory input from peripheral
arterial chemoreceptors (3). Outputs from the
NTS project to other respiratory nuclei and spinal
phrenic motor neurons, informing the motor
output pattern based on the status of the lungs
and airways.

Maturation of Central CO2/H
+ Chemosensi-

tivity. Chemosensitive neuronal populations have
been identified in a number of brain stem regions
(5). The greatest density of CO2/H

+ sensitive
neurons is in the medullary raphé, ventral medul-
lary surface, and retrotrapezoid nucleus (note that
the rat retrotrapezoid nucleus (RTN) is believed
to be homologous to the human arcuate nucleus)
(6). Many chemosensory signals, transducers, and

Figure 12-2. Central and peripheral
mechanisms that contribute to
instability of respiratory control in fetal
and early postnatal life.

Figure 12-1. Simplified schematic
view of the ventral mammalian brain
stem. Rhythm generation resides
mainly in the pre-Bötzinger (pre-BötC)
complex, while pattern formation
resides more caudally in the ventral
respiratory column. CO2

chemosensitivity extends within the
orange-shaded area beyond the
traditionally accepted chemosensitive
areas, while the nucleus tractus
solitarius (NTS) receives peripheral
afferents from IX and X cranial nerve
afferents (XII = efferent hypoglossal
fibers).
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molecular mechanisms are involved in the process
of chemoreception, the complexities of which are
only beginning to be elucidated.

Ventilatory responses to CO2 are present at
birth in most mammalian species, including
humans. Even prenatally, exposure to CO2

incites increased depth of fetal breathing move-
ments (7) (see later). In premature infants, CO2

sensitivity and the hypercapnic ventilatory
response are diminished in the early postnatal
period (8-10). Increased minute ventilation in
response to CO2 in premature infants is primar-
ily mediated by increases in tidal volume rather
than respiratory rate (9). The hypercapnic venti-
latory response in these infants is often associ-
ated with prolonged expiration characterized by
expiratory braking and, in some infants, audible
grunting (11). This may serve to preserve FRC.
In contrast, older infants and adults, when
exposed to CO2, have increased respiratory fre-
quency characterized by a shortened expiratory
phase. Further, infants with apnea of prematurity
have reduced hypercapnic ventilatory responses
relative to control infants at the same postcon-
ceptional age, suggesting that infants with apnea
of prematurity have diminished central respira-
tory drive (12).

Another curious feature of the premature
infant is the relationship between eupneic PaCO2

levels and the threshold below which decreasing
PaCO2 will result in apnea, the so-called apneic
threshold. In premature infants, the apneic
threshold is much closer to eupneic levels of
PaCO2 compared to adults (13) (Figure 12-3).
The proximity between eupneic CO2 and the
apneic threshold, coupled with baseline respira-
tory instability (affected by significant peripheral
chemoreceptor drive to breathe in the neonatal
period, low FRC, and sleep state) results in fluctu-
ations in PaCO2 that are more likely to cross the

apneic threshold in preterm infants, thus contrib-
uting to apnea of prematurity.

Mechanisms accounting for the postnatal mat-
uration of central CO2 chemosensitivity are
unknown. Improved chemoreception may relate
to maturation of intrinsic properties of chemo-
sensory neurons themselves or of their synaptic
outputs. Alternatively, improved chemosensitivity
may relate to changes in the relative importance
of different central and peripheral chemosensory
sites during development (14).

An important candidate gene presumed to
regulate central and peripheral chemoreceptor
development is PHOX2B, a homeobox gene
located on chromosome 4 (15). Its expression is
necessary for normal development of the carotid
body and NTS. It is also expressed in chemosen-
sitive glutamatergic neurons of the RTN. Muta-
tions in the PHOX2B gene lead to congenital
hypoventilation syndrome (CCHS), character-
ized by impaired hypoxic and hypercapnic venti-
latory responses and apnea, especially during
sleep.

Neurochemistry of Respiratory Control.
Excitatory and inhibitory neurotransmitters medi-
ate the rhythmogenic synaptic communications
between neurons of the medullary CPG network.
In addition, myriad neuromodulators, although
not essential for rhythmogenesis, exert profound
effects on respiratory rhythm and inspiratory and
expiratory patterns (Figure 12-4). Neuromodula-
tors are substances released by axon terminals
within the respiratory network but whose cell
bodies are outside the CPG. They include biogenic
amines, acetylcholine and other neuropeptides,
and defects in their function underlie a number
of disease states.

Glutamate, acting on AMPA and NMDA
receptors, is the major neurotransmitter mediat-
ing excitatory synaptic input to brain stem

Figure 12-3. Relationship between
eupneic PCO2 and apneic threshold in
neonates and adults. Relative to adults,
PCO2 during eupneic breathing is
lower in the neonate and closer to the
apneic threshold (dashed line).
Neonates also have more variability in
breathing, causing wider fluctuation in
baseline PCO2. Together, these factors
contribute to more frequent decreases
in PCO2 below the apneic threshold,
leading to cessation of breathing.
Adapted from Khan et al., J Appl Physiol.
2005;98:1171–1176
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respiratory neurons and respiratory premotor
and motor neurons. Within the CPG, glutamate
is involved in generation of augmenting respira-
tory neuron activity and inspiratory termination
(2). Gamma-aminobutyric acid (GABA) and gly-
cine are the two primary inhibitory neurotrans-
mitters in the network, mediating the waves of
inhibitory postsynaptic potentials during the
silent phase of respiratory neurons. GABAA

receptors and glycine receptors activate ligand-
gated chloride channels, resulting in membrane
hyperpolarization and fast synaptic inhibition
(16). GABA can also mediate slow synaptic trans-
mission via GABAB receptors, which are G-
protein coupled receptors. Interestingly, during
late embryonic and postnatal development,
GABA and glycine can mediate excitatory neuro-
transmission secondary to changes in the chloride
gradient across the membrane. It is unclear how
this phenomenon relates to the greater inhibition
of respiratory output that characterizes early neo-
natal life. GABA-mediated inhibitory neurotrans-
mission may reduce CO2 chemosensitivity
exhibited by premature infants. In a rodent
model, hypercapnia activates GABAergic neurons
and GABAA receptor blockade eliminates the
hypercapnia-induced prolongation of expiratory
time in young animals (16).

The ventilatory effects of neuromodulators
depend on the type of receptor activated and on
the respiratory mechanism controlled by that type
of receptor. For example, a neuromodulator may
stimulate ventilation when acting in one area of
the CPG and depress ventilation when acting else-
where. Serotonin is of particular importance in
the modulation of respiratory function. Seroto-
nergic neurons are located in medullary raphé
nuclei and project to the NTS, VRC, RTN, and
phrenic motor nuclei. Serotonergic projections
may represent the neuroanatomic substrate for

the integration of cardiorespiratory responses
(2). Defects in the medullary serotonergic system
likely contribute importantly to the pathogenesis
of sudden infant death syndrome (SIDS) and in
the ventilatory instability observed in Rett
syndrome (5,17).

Catecholamines (epinephrine, norepinephrine,
and dopamine) elicit varied ventilatory responses
depending on the type of receptor activated and
the respiratory mechanism involved. Dopamine
tends to act peripherally in the carotid bodies,
while epinephrine and norepinephrine exert a
tonic influence on central respiratory neurons
(2). Acetylcholine acting on muscarinic receptors
is likely involved in central chemoreception and
the ventilatory response to CO2, while nicotinic
receptors are involved at the final stage of respira-
tory output in effecting acetylcholine transmission
at neuromuscular junctions. Other neuroactive
peptides are often colocalized with excitatory
and inhibitory neurotransmitters and act as auxil-
iary messengers. For example, opioids and soma-
tostatin depress respiratory neuronal firing, while
substance P, cholecystokinin, and thyrotropin-
releasing hormone exert excitatory drive. The
interactions between classical neurotransmitters
and neuromodulatory peptides acting on different
receptor types and in different locations within the
respiratory network creates nearly endless possi-
bilities for precise shaping and fine-tuning of
respiratory output during development.

Peripheral Afferents and Carotid
Body Chemosensitivity
The output controlling breathing from the cen-
tral nervous system is synthesized by end
organs, which, in turn, provide feedback via
central pathways of pulmonary and lower
airway vagal afferents. The sensory receptors of

Figure 12-4. Excitatory and inhibitory
regulators of respiratory neural output.
Effects are dependent on the type of
receptor activated and where within
the network the mediators are acting.
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the lung with afferent fibers coursing in the
vagus nerves are separated into three groups:
SARs, RARs, and bronchopulmonary C-fibers.
SARs and RARs innervate the pulmonary and
airway mechanoreceptors via fast-conducting,
myelinated fibers, whereas bronchopulmonary
C-fibers have slowly conducting axons that lack
myelination. These axons terminate in the NTS
within the central nervous system. Second-order
neurons from the NTS then send projections to
phrenic motor neurons in the medulla, pons,
and spinal cord. The selective activation and
inhibition of SARs, RARs, and C-fibers each
affect cardiopulmonary reflexes, collectively
influencing the control of breathing.

Slowly Adapting Receptors (SARs). SARs are
activated by lung volume and stretch to enhance
of inspiratory effort, bronchodilation, and tachy-
cardia (18). They project to ipsilateral subnuclei
within the NTS at the rostrocaudal level of the
area postrema. Second-order neurons are acti-
vated by SAR afferents, which synapse on pump
cells (P-cells) and inspiratory-β (Iβ) cells. P-cells
have phasic activity that tracks lung volume
changes and are controlled by glycinergic inhib-
ition during early inspiration and glutamatergic
excitation during late inspiration and early expir-
ation. When stimulated, P-cells induce changes
that mimic the Breuer-Hering (B-H) reflex,
whereas inhibition mimics environments with
reductions in SAR input. Iβ cells are inspiratory
neurons that, like P-cells, are monosynaptically
excited by SARs. They receive input from both
the ipsilateral and contralateral vagus nerve and
show a ramp-like increase in firing during
inspiration while being silent during expiration.
These second-order neurons then send projec-
tions to the ipsilateral ventral respiratory column
(VRC) that are involved in rhythmogenesis.

The reflexes controlled by pulmonary vagal
afferents and SARs in humans are similar to other
mammals. One example is the Breuer-Hering
reflex, which controls the duration of inspiration
and expiration in relation to lung inflation. Josef
Breuer first showed in adult cats that expansion of
the lungs reflexively inhibits inspiration and pro-
motes expiration and deflation of the lungs (19).
In this way, the B-H reflex protects against lung
overinflation. This reflex is mediated by SARs that
act through the NTS, P-cells, and Iβ cells as
described earlier. The B-H reflex does not, how-
ever, participate in the regulation of fetal

breathing movements because vagotomy in fetal
sheep has little effect on the incidence, frequency,
or amplitude of these movements (20). However,
the B-H reflex is essential in establishing continu-
ous breathing and adequate gas exchange at birth
by maintaining functional residual capacity;
vagotomy at birth results in respiratory failure
and atelectasis (21–22).

In humans, the B-H reflex is elicited by
occluding the airway at one of two times in the
respiratory cycle: end expiration where the next
occluded inspiratory effort is prolonged and
expiratory effort shortened, or end inspiration,
where the next occluded expiratory effort is pro-
longed and inspiratory effort is shortened. The
inspiratory/expiratory effort after the occlusion
maneuver is compared to the nonoccluded breath
to calculate a percent change in inspiratory/
expiratory time. Using this methodology, the B-
H reflex was shown to contribute significantly to
tidal breathing in newborns, with decreasing con-
tributions throughout the first year of life (23).
The lower lung volumes and higher chest wall
compliance in preterm infants and newborns acti-
vate the B-H reflex, shortening expiratory time
and prolonging inspiratory time. The B-H reflex
is also enhanced by premature birth (24), prone
sleeping position (25), active sleep (26), and
respiratory distress syndrome. The immediate
prolongation of expiration and resultant slowing
of respiratory rate with CPAP is one presumed
manifestation of the B-H reflex.

Rapidly Adapting Receptors. RARs are acti-
vated in response to lung deflation, mechanical
stimulation, and inhaled irritants and stimulate
cough, bronchoconstriction, laryngoconstriction,
and airway mucous secretion (18). In contrast to
SAR primary afferent fibers, individual RARs
project centrally to multiple sites within the
NTS, suggesting that each afferent contributes to
multiple effects attributed to these receptors. Each
RAR synapses on caudal levels of the ipsilateral
NTS subnuclei with smaller projections on the
contralateral NTS. Excitatory input from RARs
is mediated by non-NMDA glutamate receptors
while RARs do not express mRNA for GABA or
glycine, making it unlikely they have substantial
inhibitory activity. When RAR cells receive excita-
tory input from stimuli such as ammonia, they
send projections to second-order inspiratory (Iγ)
neurons in the NTS and bulbospinal neurons,
which stimulate lung inflation (18).
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Developmentally, RARs are important for
restoring lung inflation in premature and term
newborns. They are activated by the low lung
volume and tidal breathing environments that
are common in newborns. When activated, RARs
activate augmented (sigh) breaths, which restore
lung volume. The frequency of augmented
breaths increases with decreasing gestational
and chronologic age, and their description
differs between newborns and adults (27). New-
borns take two large inspiratory breaths in suc-
cession compared to one inspiratory effort in
adults. Premature and newborn infants also
can hypoventilate after an augmented breath,
whereas adults will increase minute ventilation,
suggesting that peripheral arterial chemorecep-
tor inputs may play a larger role in newborns.
PaO2 rapidly increases, and PaCO2 rapidly
decreases during an augmented breath, thereby
reducing excitatory input from peripheral arter-
ial chemoreceptors, decreasing respiratory drive,
and resulting in apnea. Peripheral arterial
chemoreceptors also play a role in initiating
augmented breaths as denervation of the carotid
sinus decreases the frequency of these maneu-
vers (28). Therefore, increased RAR activity
during lung deflation, coupled with increased
sensitivity of peripheral arterial chemoreceptors,
contribute to the increased frequency of aug-
mented breaths along with subsequent hypoven-
tilation in premature infants.

C-Fiber Receptors. Bronchopulmonary C-
fibers are unmyelinated vagal afferents that are
activated by a variety of physical, environmental,
and chemical stimuli, mainly capsaicin, carbon
dioxide, lung edema, and elevated temperature.
These neurons control rapid shallow breathing,
cough, apnea, bronchoconstriction, laryngocon-
striction, airway mucous secretion, vasodilation,
and bradycardia (18). They terminate mainly in
the ipsilateral NTS with small projections sent to
the contralateral side. Excitatory input is medi-
ated by glutamate acting on non-NMDA recep-
tors in NTS subnuclei. When stimulated, C-fibers
release neuropeptides, mainly substance P, which
have local direct effects such as bronchoconstric-
tion, increased mucous secretion, and bronchial
and nasal vasodilation. The central effects of C-
fibers are mediated by second-order interneurons
in the central nervous system that have not been
identified to date. The end result, however, is
reflex apnea characterized by prolonged

expiratory time from excitation of these postin-
spiratory neurons and continuous firing of central
expiratory neurons.

In newborns, stimulation of pulmonary C-
fibers causes bronchoconstriction and apnea (29).
Capsaicin-induced apnea was most sensitive in
newborn rat pups younger than 10 days of age
(30). Other stimuli such as acidosis, adenosine,
reactive oxygen species, hyperosmotic solutions,
and lung edema also stimulate C-fibers and
enhance their effects. C-fibers can also be sensi-
tized by inflammatory mediators in the local
environment, which may play a role in the apnea
typically observed in infants with viral infections
such as respiratory syncytial virus (31).

Maturation of Peripheral CO2/H+ and Hyp-
oxic Carotid Body Chemosensitivity. The carotid
body is primarily responsible for the control of
ventilation in response to arterial oxygen tension.
Several histological cell types and their corres-
ponding functions have been identified within
the carotid body. Type I, or glomus, cells are the
oxygen-sensing cells. Exposure to acute hypoxia
results in glomus cell depolarization and neuro-
transmitter release through voltage-gated calcium
channels. Type II cells, similar to glial cells, are
not chemosensitive. Postsynaptic afferent nerve
fibers oppose the glomus cells and have cell bodies
in the petrosal ganglion. The primary target for
afferents from peripheral arterial chemoreceptors
is the commissural nucleus of the NTS. Glutamate
binds to both NMDA and non-NMDA receptors
on second-order neurons in the NTS and is
responsible for transmission of excitatory inputs
from the peripheral arterial chemoreceptors (32).
These second-order neurons then send tonic exci-
tatory projections to the RTN, the dorsal respira-
tory group, and the ventral respiratory group.

The contribution of the peripheral arterial
chemoreceptors has been elucidated by separately
perfusing the carotid and systemic circulation or
measuring direct carotid body output. These stud-
ies have determined that peripheral chemorecep-
tors respond more rapidly to CO2/H+ than
central chemoreceptors (33). These chemorecep-
tors do not appear to influence fetal breathing,
but they are necessary for stabilization of
breathing patterns because denervation of the
carotid body in newborn animals will result in
apnea and death (34). The maturation of the
carotid body parallels the increased sensitivity of
the glomus cell to excitatory and inhibitory
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inputs. Newborn animals have increased sensitiv-
ity to CO2 during development, although the
contribution of peripheral versus central CO2

chemosensitivity to this maturational change is
unclear (35).

There is a critical period in the first two weeks
of postnatal development during which exposure
to chronic hypoxia, chronic hyperoxia, and inter-
mittent hypoxia can lead to persistent alterations
of chemoreceptor function in animal models (36–
37). Similar exposures outside these periods have
little to no lasting effect, indicating a level of
plasticity in the control of the respiratory system.
It remains unclear whether this phenomenon has
clinical consequences in humans. At birth, there is
an acute insensitivity to changes in oxygen ten-
sion that gradually decreases during the first two
to three weeks of postnatal development as hyp-
oxic excitation and hyperoxic inhibition of
breathing become stronger (38). The current
speculation is that the sensitivity of peripheral
chemoreceptors to hypoxia is “reset” at birth
during the transition from fetal hypoxic to neo-
natal normoxic life. Exposure to hyperoxia or
hypoxia from birth delays the maturation of the
oxygen chemoreceptor response in animal models
(36). A premature infant is born into a relatively
hyperoxic environment, often exacerbated by iat-
rogenic hyperoxia from respiratory support.
Interestingly, this chemoreceptor-resetting phe-
nomenon is also observed in preterm infants
who demonstrate enhanced peripheral arterial
chemoreceptor influences on breathing after the
same critical two- to three-week period. This
period coincides with the development of periodic
breathing, which is associated with excessive per-
ipheral chemoreceptor activity.

Peripheral arterial chemoreceptors in the
carotid body are the primary sites for detection
of changes in arterial oxygen tension. Near term,
fetal chemoreceptor activity is generally absent
and responds poorly to hypoxia. The response to
a hypoxic exposure is to increase ventilatory drive
and behavioral arousal, and this reflex strengthens
with maturation. Exposure to hyperoxia (Dejours
test) will reduce ventilation in both animals and
humans. Hypoxia induces depolarization of the
carotid body glomus cell, activating voltage-
dependent calcium channels, which lead to neuro-
transmitter release. The magnitude of the
calcium-dependent response seems to be critical
for the maturation of intact hypoxic ventilatory

responses. Studies have shown the calcium-
dependent current in rats increases with postnatal
age until P14, which is paralleled by development
of mature carotid body responses to hypoxia or
anoxia (37). Again, we must infer characteristics
of the human carotid body chemoreceptors by
observing hypoxic ventilatory responses. If
human infants are repeatedly exposed to intermit-
tent hypoxia in settings such as prematurity,
apnea, and periodic breathing, they demonstrate
a greater reduction in minute ventilation when
exposed to hyperoxia. This suggests a greater
influence of peripheral arterial chemoreceptors
on normal breathing in this population.

A normal response to hypoxia in animals with
functioning peripheral and central chemorecep-
tors is an increase in ventilation within thirty
seconds of hypoxic gas exposure and decrease
after two to three minutes. The trend back to
ventilatory baseline is referred to as the hypoxic
roll-off, hypoxic ventilatory decline, or hypoxic
ventilatory depression. The hypoxic roll-off
remains above baseline in mature models but
can trend below baseline and result in apnea in
newborns. The mechanisms that account for hyp-
oxic roll-off are mediated in the pons and under
control of neuromodulators such as norepineph-
rine, adenosine, GABA, serotonin, opioids, and
platelet-derived growth factor. Adenosine has
garnered particular attention because during hyp-
oxia, brain adenosine levels can increase over
twofold in fetal sheep (39). Blockade of adenosine
receptors with caffeine and other methylxanthines
can decrease the hypoxic ventilatory depression in
newborn infants. This is a mainstay of neonatal
therapy in apnea of prematurity (discussed later).

Fetal Breathing
Fetal breathing activity can be identified by the
eleventh week of gestation in the human fetus
with ultrasound. Although the placenta is the site
of gas exchange in utero, fetal breathing move-
ment is important in enhancement of lung growth
and development, and decreased diaphragmatic
activity is associated with pulmonary hypoplasia.
Fetal breathing occurs phasically only during
rapid eye movement (REM) sleep with total ces-
sation of breathing during non-REM sleep, pos-
sibly secondary to descending inhibitory pontine
input to the medullary rhythm-generating center.
Various factors may contribute to the inhibition
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of fetal respiratory activity as summarized in
Figure 12-5. Most prominent of these is probably
respiratory depression induced by the hypoxic
intrauterine environment to which the fetus is so
well adjusted. Presumably an increase in fetal
breathing movements in response to hypoxia
would be counterproductive. In contrast, hyper-
capneic exposure does increase the incidence and
depth of fetal breathing, although only in REM
sleep. Ability to generate a ventilatory response to
CO2, the main chemical stimulus to breathing, is
clearly important for a successful fetal to neonatal
transition.

Role of a Vulnerable Respiratory
System
While immature respiratory control is the major
contributor to apneic events in preterm infants,
several components of the infants’ respiratory
system increase vulnerability to cardiorespiratory
events. Increased chest wall compliance and low
lung volume both contribute to low oxygen
reserves, often resulting in low baseline oxygen
saturation (Figure 12-6). As a result, even short
respiratory pauses may result in desaturation and
resultant reflex bradycardia. This is consistent
with the observation that episodes of intermittent
hypoxia are significantly more frequent when
baseline oxygen saturation is targeted at 85–89
versus 90–95% (40).

Although immature central respiratory drive
is the major etiology, closure of the upper airway
during central apnea may prolong such episodes.
It is estimated that a majority of longer apnea is
prolonged by an unstable upper airway.

A potential mechanism for this problem is a
higher CO2 threshold for upper airway muscles
such as the genioglossus. Delayed activation of
these upper airway muscles may then occur, as a
rising PaCO2 triggers diaphragm activation
toward the end of a central apnea, resulting in
obstructed inspiratory efforts or so-called mixed
apnea. This is in contrast with sleep apnea in
older populations in whom upper airway obstruc-
tion is the primary problem. Purely obstructive
apnea is unlikely in preterm infants unless they
are inappropriately positioned.

Contribution from Inflammatory
Mechanisms
Inflammatory mechanisms contribute to instability
of neonatal respiratory control. Clinically, apnea
increases in frequency and severity during acute
infections in premature infants (41). Although
inflammatory cytokines probably do not readily
cross the blood–brain barrier, systemic infection
does upregulate inflammatory cytokines at the
blood–brain barrier, resulting in activation of pros-
taglandin signaling and resultant inhibition of
respiratory neural output (42).

Chorioamnionitis is a major precipitant of
preterm birth, definitively associated with neo-
natal brain injury in the form of periventricular
leukomalacia (PVL) and possibly chronic neo-
natal lung injury in the form of bronchopulmon-
ary dysplasia (BPD). It is possible that antenatal
or postnatal exposure of the lung to a proinflam-
matory stimulus may activate brain circuits via
vagally mediated processes. LPS (0.1 mg/kg)
instilled into the trachea of newborn rat pups at

Figure 12-5. Factors contributing to
the inhibition of fetal respiratory
activity, notably the relatively hypoxic
intrauterine environment.
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day of life ten to twelve increases inflammatory
cytokine gene expression in the medulla oblon-
gata and attenuated both the immediate and late
hypoxic ventilatory response when animals were
tested within three hours of treatment (43)
(Figure 12-7). This brain stem response to intra-
pulmonary LPS was diminished after vagotomy,
suggesting a lung-to-brain stem communication
via vagal afferents. An interesting related line of
investigation is the role of intermittent hypoxia
and resultant oxidant stress on inflammatory
pathways (44). It has been proposed that in the
healthy central nervous system with no, or “low-
dose,” intermittent hypoxia, microglia are in a
surveillance mode that promotes neuronal viabil-
ity and function by releasing growth/trophic
factors that confer neuroprotection and/or
increase synaptic strength (i.e., plasticity). In con-
trast, “high doses,” or chronic intermittent hyp-
oxia, may activate microglia to a toxic,
proinflammatory phenotype that triggers neur-
onal apoptosis and undermines synaptic
plasticity.

Diagnostic Challenges in Neonatal
Cardiorespiratory Monitoring
Respiration: Cardiorespiratory monitoring is a
vital component of clinical care of the neonate.
Accurate measurements of respiration, oxygen
saturation, and heart rate are imperative to detect
clinical apnea during both spontaneous breathing
and respiratory support. Although immature

respiratory control is the major precipitant of
cardiorespiratory events in preterm infants, we
are dependent on impedance technology to meas-
ure respiration (45). The advantage of impedance
monitoring is that it can be recorded from ECG
electrodes allowing for long-term measurements
of respiration (and heart rate) in a noninvasive
manner. However, as air moves from one com-
partment to the other during periods of obstruc-
tion, impedance monitoring cannot distinguish
obstructed efforts from normal respiration.

Figure 12-6. The net effect of
immature respiratory control
superimposed on a low lung volume
and low intrapulmonary oxygen
reserves is recurrent desaturation in the
face of short respiratory pauses.

Figure 12-7. Inflammation effects on the respiratory system
pre- and postnatal exposure of the respiratory system to
endotoxin may elicit a proinflammatory cytokine response in
the brain stem via stimulation of vagal afferents. The
inflammation may inhibit respiratory neural output by local
effects in the brain
(adapted from Balan. Respir Physiol Neurobiol. 2011;178:458–464).
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Ongoing research is focused on the development
of a technology that measures effective airflow
without need for an oral/nasal flow sensor. Such
a technique has yet to make its way into clinical
bedside monitoring.

Heart Rate: Reflex bradycardia is a common
accompaniment of apnea of prematurity, and
application of additional filters to the EKG wave-
form allows for more extensive analysis of
tracings. An algorithm of heart rate characteristic
monitoring, including heart rate variability and
decelerations, has generated interesting prognos-
tic data (46). This algorithm may be a predictor of
neonatal sepsis prior to routine clinical assess-
ment and may reduce mortality by early predic-
tion of adverse events.

Oxygenation: There is a great interest in the
significance of the intermittent hypoxic episodes
in preterm infants that result from immature
respiratory control and residual lung disease.
Pulse oximetry is the most widely used method
for continuous noninvasive monitoring of oxy-
genation, and advances in motion artifact
reduction software have improved the false
alarm rate. Additional signal processing con-
cerns include the averaging time, which can be
modified by the user. Common clinical practice
has promoted the use of a long averaging time
(16 sec) to reduce false alarms. However, a long
averaging time will reduce the detection of short
(<2-sec) desaturation events while increasing
the number and duration of events >20
seconds. This is most likely due to short desa-
turation events being averaged into one pro-
longed event. In contrast, the averaging time
had no effect on the time spent in different
SpO2 ranges (45,47). Surprisingly, with a multi-
tude of studies, including recent multicenter
trials investigating oxygen saturation ranges in
preterm infants, the optimal target range con-
tinues to elude us (40, 48–49). Regardless of the
chosen oxygen saturation target range, preven-
tion of intermittent hypoxemia continues to be
a challenge in patient care, as such events have
been associated with morbidity in preterm
infants such as retinopathy of prematurity
(50). Recent data in a neonatal rodent model
indicate that exposure to sustained hypoxia,
followed by chronic intermittent hypoxia, has
a unique synergistic effect of impairing respira-
tory control as indicated by vulnerability to a
subsequent hypoxic exposure (51).

Biologic Basis for Therapeutic
Interventions
The aggressiveness with which therapy is pursued
in apneic preterm infants must weigh the poten-
tial consequences of apnea and resultant desatura-
tion and bradycardia, with the natural history,
which favors spontaneous resolution of these epi-
sodes with advancing maturation. For the most
widely used therapy, namely methylxanthines, we
are still gaining knowledge of the precise mechan-
isms of action.

Optimization of Mechanosensory Inputs. The
respiratory rhythm-generating circuitry within
the central nervous system (CNS) depends on
intrinsic rhythmic activity and sensory afferent
inputs to generate breathing movement. Bloch-
Salisbury et al. (52) demonstrated that their novel
technique of stochastic mechanosensory stimula-
tion, using a mattress with imbedded acuators, is
able to stabilize respiratory patterns in preterm
infants as measured by a decrease in apnea and an
almost threefold decrease in percentage of time
with oxygen saturations < 85%. Interestingly, the
level of stimulation employed was below the min-
imum threshold for behavioral arousal to wake-
fulness, thus inducing no apparent state change in
the infants. The effect could probably not be
attributed to the minimal increase in sound level
associated with stimulation. Such an approach is
clearly worthy of further study. Skin-to-skin care
is a highly desirable practice in the NICU to
encourage parental attachment. This practice is
not only safe, but associated with decreased elec-
trical diaphragm activity, potentially benefiting
energy expended on respiratory efforts (53).

Optimization of Gas Exchange and Blood Gas
Status. Intermittent hypoxic episodes are almost
always the result of respiratory pauses, apnea, or
ineffective ventilation. It is unclear whether
targeting lower baseline oxygen saturation
increases the incidence of apnea with resultant
hypoxemia, or whether the incidence of apnea is
comparable between oxygen targets. However,
lower oxygen saturation baseline predisposes to
more frequent or profound intermittent hypox-
emia. Similarly, it is unclear whether the benefi-
cial effect of packed red cell transfusion is
secondary to improved respiratory control or
increased vulnerability to hypoxia in the face of
apnea (54–55). However, given the potential oxi-
dative stress associated with clinically significant
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intermittent hypoxic episodes, the latter are prob-
ably best avoided (56).

Automated control of inspired oxygen is
under study. This automated technique has
been compared to routine adjustments of
inspired oxygen as performed by clinical per-
sonnel in infants of twenty-four to twenty-seven
weeks gestation (57). During the automated
period, time with oxygen saturation within the
intended range of 87–93% increased signifi-
cantly, and times in the hyperoxic range were
significantly reduced. This was not associated
with a clear benefit for hypoxic episodes; none-
theless, future refinement of this technology
may prove useful to minimize intermittent hyp-
oxia. Finally, a novel approach is supplementa-
tion of inspired air with a very low
concentration of supplemental CO2 to increase
respiratory drive (58). While of interest from a
physiologic perspective, and likely to be success-
ful in decreasing apnea, it is doubtful that this
would gain widespread clinical acceptance, as
most preterm infants have residual lung disease
and are prone to baseline hypercapnia, which
may make clinicians reluctant to administer
supplemental inspired CO2.

Continuous Positive Airway
Pressure (CPAP). CPAP has proven a relatively
safe and effective therapy for forty years. It has
a dual function to stabilize lung volume and
improve airway patency by limiting upper
airway closure. Because longer episodes of
apnea frequently involve an obstructive com-
ponent, CPAP appears to be effective by
“splinting” the upper airway with positive pres-
sure and to decrease the risk of pharyngeal or

laryngeal obstruction. At the lower functional
residual capacity characteristic of many pre-
term infants with residual lung disease, pul-
monary oxygen stores are probably reduced,
and there is a very short time from cessation
of breathing to onset of desaturation and
bradycardia. Therefore, CPAP is likely to
reduce this vulnerability to episodic desatura-
tion. Nasal CPAP is well tolerated in most pre-
term infants. Currently, low- or high-flow nasal
cannula therapies are being increasingly used as
an equivalent treatment modality that may
allow CPAP delivery while enhancing mobility
of the infant.

Methylxanthine Therapy. Methylxanthine
therapy has been used to prevent and treat apnea
of prematurity since the 1970s. Xanthines are
nonspecific adenosine receptor inhibitors. Their
primary mechanism of action in the perinatal
period is thought to be blockade of inhibitory
adenosine A1 receptors with resultant excitation
of respiratory neural output (59) (Figure 12-8).
An alternative mechanism of caffeine action is
blockade of excitatory adenosine A2A receptors
at GABAergic neurons and resultant decrease in
GABA output, resulting in excitation of respira-
tory neural output (60).

These complex neurotransmitter interactions
elicited by caffeine raised concerns regarding its
safety, and a large multicenter trial was under-
taken in the 1980s. This study demonstrated
that caffeine treatment (used to treat apnea or
enhance extubation) effectively decreases the
rate of BPD and improves neurodevelopmental
outcome at eighteen to twenty-one months,
especially in those receiving respiratory support

Figure 12-8. Potential pathways for
xanthine therapy to improve
neurorespiratory outcomes in preterm
infants.
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(61–62). It is possible that this benefit is sec-
ondary to decreased apnea and resultant inter-
mittent hypoxic episodes; however, this is
speculative.

Recent data in neonatal rodents demonstrate
an anti-inflammatory effect of caffeine in proin-
flammatory states elicited by postnatal hyperoxia
or antenatal endotoxin exposure (63–64).
Improved lung pathology and respiratory system
mechanics were observed after caffeine treatment.
In contrast, other data raise concerns about
potential adverse effects of neonatal caffeine
exposure in various animal models (65–66). The
effects of caffeine on the developing brain are also
in conflict and include no effect in an ovine model
(67), a protective effect in hypoxia-induced peri-
natal white matter injury (68), and an adverse
effect on brain imaging (69).

These conflicting results in the face of clinical
benefit suggest that changes in dosing and indica-
tions for caffeine that deviate from proven bene-
ficial protocols should proceed with caution.
Methylxanthine use is now widespread in a
prophylactic mode (54). Initial studies suggest
that very early initiation of caffeine therapy
results in improved outcome; however, these find-
ings are based on retrospective review with poten-
tial confounders (70). Finally, the extended use of
caffeine to forty weeks postmenstrual age was
associated with a decrease in intermittent hypoxia
among a cohort of preterm infants (71). The
longer-term effects of this changing therapeutic
landscape are unknown.

Future Challenges in Neonatal Respiratory
Control. Longer-term respiratory morbidity,
including bronchopulmonary dysplasia,
remains a major challenge for preterm infants.
Much of this morbidity is the result of medical
interventions with supplemental oxygen and
the various modalities of positive pressure ven-
tilation. Unfortunately, immature respiratory
control contributes to the need for these thera-
peutic approaches. An enhanced understanding
of neonatal respiratory control is a high prior-
ity for the preterm population. It has also been
known for over a decade that preterm birth is
associated with later susceptibility to sleep dis-
ordered breathing in the pediatric population.
However the physiologic or anatomic basis for
this prolonged vulnerability is unclear.

Much has been accomplished with xanthine
therapy, although more focused adenosine
receptor blockade and complementary pharma-
cotherapy would be useful. In fact, our under-
standing of the mechanism whereby caffeine
enhances respiratory control and improves
both respiratory and neurodevelopmental out-
comes is very limited.

These questions require translational studies
involving neonatal animal models, both large and
small, none of which perfectly simulate the
human preterm experience. Unfortunately, there
is no optimal preterm animal model that simu-
lates apnea of prematurity. Neonatal rodent
models are practical, cost effective, and relatively
preterm (on a human scale) at birth. Although
they do not have spontaneous apnea, traditional
physiologic studies such as hypoxic and hypercap-
nic responses can be performed from an early age
under in vivo conditions and in response to phar-
macologic interventions. Such models also are
currently most suited to knock-in or knock-out
genetic manipulation. In vitro rodent models can
be focused down on specific neuronal regions and
cell groups by employing brain stem slices and
brain stem-spinal cord preparations. However,
the limitations of such preparations to under-
standing the normal developmental trajectory
should be apparent.

Therefore, there is no substitute for well-
designed human studies. We are still in need
of practical techniques to noninvasively meas-
ure airflow (i.e., effective breathing) in preterm
infants, beyond standard impedance monitoring
of respiratory motion. Fortunately, techniques
such as respiratory inductance plethysmography
have advanced the field in differentiating central
from obstructive apnea and various combin-
ations thereof. Finally, given that impaired gas
exchange is the major consequence in an apneic
infant, advances in artifact-free pulse oximetry
technology have greatly enhanced our know-
ledge of the natural history of intermittent hyp-
oxic episodes. We now need to learn whether
these episodes matter. Immature respiratory
control superimposed on impaired respiratory
function is not a good combination. Future
models need to incorporate these two adverse
phenomena as we seek to improve respiratory
outcomes.
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Chapter

13
Alveolarization into Adulthood
Manjith Narayanan

Abstract
Alveolarization has been traditionally thought to be complete in the human lung by three to
seven years of age. These estimates were based on traditional morphologic measurements
from autopsy specimens. Recently new techniques have been used to estimate airway dimen-
sions and alveolar size and numbers with aerosol deposition and hyperpolarized helium in
living subjects. hyperpolarized helium measurements by magnetic resonance demonstrated
increases in alveolar numbers until adulthood, a result that changes concepts about lung
growth. Further, this technology applied to school-age children who had been premature
infants with bronchopulmonary dysplasia demonstrated catch-up alveolarization. Application
of new imaging technologies to different patient groups will likely change concepts about how
the lung grows, repairs, and remodels with age.

Keywords:
Lung growth, alveolarization, hyperpolarized helium MR, bronchopulmonary dysplasia,
remodeling, repair

SignificanceofAlveolarStructureand
Development
Gas exchange in the lung takes place in the periph-
eral zone of the lung, which consists of functional
units called alveoli. While the structure, function,
and development of the proximal conducting units
of the lung are well established, the peripheral zone
is not as accessible to evaluation. Indeed, the per-
ipheral zone was termed as the quiet zone of the
lung by Mead in 1970 (1). However, because the
functional units are located in the periphery of the
lung, it is important to be able to evaluate them.
Structural and functional assessment of the lung
periphery is an important prerequisite to under-
stand normal growth and development of the lung,
to understand the effect of diseases on the lung
periphery, and to design diagnostic measures
and therapies for these diseases (2). Indeed, the
peripheral zone plays a major role in many of
the common diseases of the lung such as chronic
obstructive pulmonary disease (COPD) (3),
asthma (4), and cystic fibrosis (5).

Since the 1970s, great strides have been made
toward understanding the structure of the periph-
eral zones of the lung. The anatomy of the per-
ipheral lung unit has been reasonably well
described using in vitro techniques such as hist-
ology and electron microscopy. Pediatricians have
been interested in the development of the

periphery of the lung to understand the pathogen-
esis and prognosis of developmental disorders
such as chronic lung disease of prematurity
(CLD) (6) and congenital diaphragmatic hernia
(CDH) (7). Awareness of normal and abnormal
lung development has become important to adult
respiratory physicians, with new evidence sug-
gesting that COPD may have developmental
origins, and that multiple fetal and childhood
factors may affect its outcome (8).

Development of Alveoli – Difficulties
and Current Concepts
Traditionally, the structure of the lung periphery
including alveoli was determined by histological
methods. However, the structures of interest are
complex, with irregular geometry and are three-
dimensional with a natural tendency to collapse
if taken out of the thorax. Furthermore, unless
properly fixed, taking a section of the lung dis-
torts the architecture. Therefore a complete lung
or lobe was necessary to perform “morpho-
metric” analysis of peripheral lung structure
(i.e., determination of numbers and dimensions
of alveoli) (2). This was a major barrier to histo-
logical studies of peripheral lung structures in
the human.

Studies of normal peripheral lung develop-
ment, including alveolar development, required
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examination of autopsy specimens of lungs of
(previously healthy) children at different age
groups. Beyond the age of 5 years, it is clear that
it is extremely difficult to obtain appropriate spe-
cimens. This is aggravated by restrictions from
law and ethical principles. Despite this, many
pioneering researchers have studied normal
human alveolar development (9–12). The concept
based on these studies was that pulmonary alveoli
stop multiplying by two to three years of age in
humans (13,14), although some authors have sug-
gested seven to eight years as the limit (9,10).

Development of Alveoli – Newer
Concepts
Newer developments in histology have improved
on the techniques available for evaluating the lung
(2). However, normal human alveolar develop-
ment has not been assessed using the newer tech-
niques. In contrast, animal studies conducted
using the newer techniques suggest that alveolar-
ization may continue through the period of phys-
ical growth (15,16). Also, newer noninvasive
methods to probe peripheral lung structures
have been recently developed (17,18), which hold
promise in resolving the questions raised by the
animal studies. The purpose of this chapter is to
review the techniques involved in study of alveo-
larization and the current knowledge regarding
the endpoint of alveolarization in human lung
development.

Concepts Regarding Alveolarization
in Recent Past
Morphometric Studies
Literally, morphometry means the quantitative
analysis of form (Greek: morphe-form, metri-
measure). Lung morphometry is the science of
determining the number and size of components
of the three-dimensional lung by counting the
number of transections and the fractional area
of these components in a random section of this
structure. Credit for developing this technique
should go to Weibel, who in his seminal work,
Morphometry of the Human Lung (19), describes
the principles of morphometry and the math-
ematical method of deriving the number and
volume of lung structures from measurement of
cross sections.

His method for deriving the number of alveoli
in the lung is based on the Delesse theorem. The
principle derived by Weibel (9) from the theorem
states that the number of structures in a given
volume (N) bears a relation to the number of
transections through these structures in a random
section of the volume (n) as N = k.n3/2, where k is
a constant depending on the shape of these struc-
tures. In case of random sections of the periphery
of the lung, Weibel derived the specific form of
the preceding equation for counting alveoli in a
section of the lung periphery: N ¼ n3=2

β:
ffiffi

ρ
p

Here, n, the number of transections, is calcu-
lated by counting the number of transections of
alveoli in a field of known area, and ρ, the volu-
metric density of alveoli, is computed by measur-
ing linear intercepts or point counting (9). β is the
“shape coefficient,” a variable that relates the
mean cross-sectional area of a solid to its volume.
In case of polyhedral alveoli, β was estimated to be
1.55 by Weibel.

Timeline of Alveolarization by
Morphometry
Studies using morphometric techniques to evalu-
ate the timeline of formation of new alveoli in
children were conducted three to five decades ago.
Weibel (20) estimated the total number of alveoli
(NA) in five subjects (including an 8-year-old boy
and a 16-year-old woman) who died of nonre-
spiratory causes. The estimated NA in the two
young people was nearly the same as that in the
adults (296 × 106 as against 294 × 106). Dunnill
(10) examined the lungs of ten children (birth to 8
years) who were term born and died of nonre-
spiratory causes and compared them with adult
lungs. He found that NA increases with age rap-
idly at first and then gradually up to at least 8 years
of age. By eight years of age the average number
of alveoli (280 million) approached the average
number in an adult (296 million). Davies and
Reid (21) counted NA in lungs of 5 children who
died of nonrespiratory causes from birth to eleven
years. The alveolar count increased rapidly from
birth (17.3 × 106) to three years (196 × 106) and
then gradually increased to 303 × 106 at five years
and 336 × 106 at eleven years.

Angus and Thurlbeck (22), in their study of
forty-six subjects (14 subjects less than 19 years
and 32 adults) attempted to determine the end-
point of human alveolarization by morphometry.

239

Alveolarization into Adulthood



They recognized the large scatter of NA in human
lungs. They postulated that the number of alveoli
per unit volume (NA/V) will not change during
alveolar multiplication and then decrease rapidly
when alveolarization ceases. Using this approach,
they could not demonstrate a time point where
alveolarization ceased. They noted that alveolar
multiplication contributed more to increase in
lung volume with growth than alveolar
enlargement.

Hislop et al. (23) examined the lungs of
twenty-nine infants from twenty-nine weeks of
gestation to eighteen weeks of postnatal life. The
aim of this study was to determine the early life
increase in alveolar number. NA increased rapidly
from about 20 million at twenty-nine weeks of
gestation to 288 million at twelve weeks of age.
The rate of increase was fastest in fetal life.
According to this study, NA/V increased up to
term and then decreased. This implies that alveo-
larization proceeds more rapidly than lung
volume growth up to term and less rapidly after
birth.

Thurlbeck (11) did the most influential study
regarding human alveolarization to date. He esti-
mated NA/V and NA in the lungs of fifty-six
children (age: 6 wks–14 y) dying of nonrespira-
tory causes using Weibel’s technique. These mor-
phometric measures were compared with age,
body length, and body weight. Results show wide
scatter in NA in different individuals of similar
age. Analysis was performed after grouping indi-
viduals by age and estimating the average NA for
each age range. Average NA in the two- to four-
year-olds was found to be similar to that of the
seven- to eight-year-olds, and therefore, he con-
cluded that alveolarization was complete by two
years of age.

Zeltner and Burri (13) examined alveolar
microstructure using scanning and transmission
electron microscopy in the lungs of seven children
dying from nonrespiratory causes. Many alveolar
septae in the seventeen-month-old infant's lungs
were immature with a double capillary layer,
while those in the sixty-four-month-old showed
mature septae, which were thinner and contained
a single capillary layer. They postulated that
microvascular maturation in alveolar septae takes
place at the age of two to three years and contrib-
uted to the hypothesis that neo-alveolarization
was not possible after this process was complete
(14,24).

Drawbacks of the Technique of
Morphometry
Practical Difficulties
As briefly alluded to in the introduction, the
investigator faces a number of difficulties in
attempting to count the number of alveoli in the
human lung. First of all, by virtue of the elastic
nature of the lung, it is prone to collapse when
taken out of the thoracic cavity, and thus volu-
metric information is lost in lung biopsy speci-
mens. Furthermore, unless properly fixed, a thin
section of the lung distorts the architecture. To
perform structural analysis of the periphery of
the lung, the specimen must first be fixed by
instillation of fixative through the airways or the
blood vessels (2). Therefore a complete lung or
lobe is necessary to prepare samples for lung
structure by morphometry. This, clearly limits
the availability of lung specimen to postmortem
specimen.

Attempting to assess alveolar number in child-
hood using morphometric analysis is problematic
because lung specimens from healthy childhood
are difficult to acquire, both because of the inher-
ent low mortality rate in children over five years
of age and because of the high incidence of
respiratory morbidity and mortality associated
with available specimens. In addition, changes in
law have made it increasingly difficult to access
pathologic specimens for research.

Assessment of peripheral lung development
ideally requires serial measures in the same lung.
The reliance on autopsy specimen means that serial
measures of the anatomy of the lung periphery is
not possible. Alveolarization was instead studied
by calculating the alveolar numbers in different
individuals, which introduced the problem of
interindividual variability. Also, determining
factors influencing growth and development of
the lung periphery has only been possible by using
animal models and surrogate markers.

Technical Issues
There have been numerous technical advances in
the science of morphometry since Weibel’s pion-
eering work (19). These advances have sur-
mounted various technical issues in
morphometry. It is beyond the scope of this chap-
ter to explore these in detail, but the reader is
referred to the review by Weibel et al. (25), the
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published scientific debate between experts in the
field (26–30), and the official policy statement of
American Thoracic Society/European Respiratory
Society for quantitative assessment of lung struc-
ture (2). I have detailed here some important
issues that need to be understood for the evalu-
ation of the published work on human
alveolarization.

Compiling the results of the studies exploring
alveolarization in children, it is evident that there
is a wide variance between studies in both the
measured alveolar number and the estimated age
of completion of alveolarization (Figure 13-1).
The preparation of pathologic specimen is mark-
edly different in different studies. For example,
Davies et al. (21) inflated lungs with buffered
formalin at 75 cm water pressure, Angus and
Thurlbeck (11,22) used inflation pressures of
25 cm water, while Weibel (20)used formalin
steam instilled at pressures of 5–10 cm water
while the lung was kept inflated by negative pres-
sure. It follows that the degree of alveolar inflation
will be different between studies. Despite this,
several authors (10,11) have used Weibel’s value
of 1.55 for the shape coefficient, β (see earlier),
despite β being dependent on the relation between
surface area and volume.

Another limitation of the studies using mor-
phometric techniques to determine endpoint of
alveolarization is that the same inflation pres-
sure was used to inflate lungs of children in
different age groups. It has been noted that the
range of lung volumes at which fixation occurs
is between 50 and 70% of total lung capacity,
with the actual value set by individually varying
compliance of the thorax (31). This may change
the relative degree of inflation of alveoli between
the subjects, with a strong likelihood of bias (it
is likely that compliance varies with age). The
pronounced intersubject scatter (11,22) may also
be partially explained by this phenomenon. The
assumptions that the shape coefficient, β,
and the distribution coefficient of alveoli (i.e., a
coefficient relating to standard deviation of the
size of individual alveoli) do not vary with age
may also be flawed and may lead to a variability
of about 20% and 10%, respectively in the
results (11).

Measurements by classical morphometry
were done on a very small sample (between
1:100000 to 1:1000000) of the alveoli (27). It is
essential, in these circumstances, to ensure ran-
domization of sampling. This has been achieved
with newer morphometric techniques [e.g.,

Figure 13-1. Number of alveoli in the
developing human lung estimated by
morphometry from previously
published studies. References: Dunnill
1962(10), Weibel 1962(9), Davies
1970(21), Angus 1972(22), Thurlbeck
1982(12), Hislop 1986(23).
Reprinted with permission of the American
Thoracic Society. From Narayanan M et al.
Alveolarization continues during childhood
and adolescence: new evidence from
helium-3 magnetic resonance. Am J Respir
Crit Care Med. 2012 Jan 15;185(2):186–191.
Official Journal of the American Thoracic
Society. Copyright © 2014 American Thoracic
Society.
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design-based stereology as described by Hyde
et al. (32,33)]. Unfortunately, the newer tech-
niques (2) have not been used to determine the
endpoint of alveolarization in humans.

New Histological Techniques to
Determine Alveolar Number
Techniques that surmount the pitfalls mentioned
have been developed following the development
of the science of stereology and the description of
the “disector” by Sterio (34). It is not the remit of
this chapter to discuss this technique in detail, but
interested readers are referred to excellent reviews
on the subject (25,35,36). In brief, the process of
counting the number of particles in a specimen
starts by successively dividing the fixed specimen
into blocks, from which a random number of
blocks are selected. The selected blocks are then
oriented in a random manner before subdivision
into subblocks. A random fraction of these sub-
blocks is then selected, and the process is repeated
until sections that can be assessed under a micro-
scope can be prepared. At this stage, random sets
of two contiguous sections are assessed, viz., the
“sampled section” and the “look-up section” (36).
The number of particles that appear in the
sampled section, but not the look-up section is
calculated, and the number is then summed over
all the sampled sections (Q). The number of par-
ticles in the whole specimen can then be calcu-
lated from Q and the fraction of the specimen
assessed under the microscope. In case of
counting alveoli in lung specimen, the fact that
each alveoli have a single distinct opening is util-
ized in determining the so-called Euler character-
istic of the network of alveolar openings in the
periphery of the lung (37,38). It is clear that this
technique does not require any assumption of
shape or orientation of the alveoli and does not
depend on the degree of inflation of the lung (25).

Nonhistologic Techniques to
Determine Alveolar Dimensions
3Helium Magnetic Resonance
Over the last decade, tremendous progress has been
made to develop safe, noninvasivemarkers of alveo-
lar structure and/or dimension. One of the main
developments is the technique of 3HeMR, which
measures the self-diffusion of hyperpolarized

3Helium (3He) within the lung during a breath hold
using magnetic resonance (MR). A simplified
description of the technique is given in the
following paragraph. However, readers are referred
to the following resources for detailed explanation
of the technique (17,18,39,40).

Magnetic resonance (MR) is based on the inter-
action of atomic nuclei with an unpaired spin
(1Hydrogen in conventional MR; 3Helium and
129Xenon in hyperpolarized gasMR) with an exter-
nal magnetic field (41). The technique utilizes a
predetermined “sequence” of radiofrequency
pulses to interact with these nuclei. As a result of
this interaction, these nuclei emit radiofrequency
pulses, which are measured as the “signal”. In
diffusion weighted MR, the sequence employed
“sensitizes” the nuclei to movement. In other
words, the measured signal decreases with the
degree of displacement of the nucleus from its
original position. The diffusion coefficient of the
nucleus (D) can be calculated from the signal. In
the case of 3HeMR applied to human lungs, the
MR signal is measured during a breath hold after
inhalation of a bolus of 3He. The diffusion of 3He
in this situation is constrained by alveolar walls, as
alveoli are impermeable to the 3He (Figure 13–2).
Therefore, the measured value of diffusion of these
nuclei, the apparent diffusion coefficient (ADC), is
a function of the degree of restriction of diffusion,
which in turn depends on the size of the alveoli.

Since the initial description of this technique,
many studies have been performed in adults, con-
firming its utility to detect alveolar damage in
emphysema (18,42,43) and in asymptomatic
smokers (44). Validation of ADC against

Figure 13–2. Panel A. Hypothetical stationary molecule –
Diffusion coefficient D = 0. Panel B. Freely diffusing 3He
molecule in air, D (free diffusion coefficient) = 0.88 cm2.sec-1.
Panel C and D. Diffusion restricted by constraints, that is,
alveolar walls in case of inhaled helium. The measured
(apparent) diffusion coefficient (ADC) is higher in panel D than
panel C and can be used as a marker of alveolar dimension. This
representation is a simplification, as in reality, alveoli are not
completely spherical, and they are open to alveolar ducts.
However, as long as the majority of the constraints on diffusion
of 3He are alveolar walls, ADC would represent alveolar
dimensions.

242

Fetal and Neonatal Lung Development



histologic parameters has been carried out in
elastase-induced emphysema in rats (45,46) and
in rabbits (47) and in explanted COPD affected
human lungs (comparing with lungs of donors
that were unsuitable for transplant) (48).

Further developments in this field include cal-
culating length scales from the diffusion coefficients
of 3He utilizing differences in the measured signal
due to a number of gradient pulses, each of which
sensitize 3He to different degrees of diffusion.
Yablonskiy et al. (49,50) used this technique of
3HeMR and a simplified mathematical model of
cylindrical alveolar ducts surrounded by a uniform
sleeve of alveoli to estimate the acinar airway diam-
eter (R) and effective alveolar depth (h). These
values were validated against histological methods
in rats (51) and human lungs (50). Shanbhag
described measurements of average displacement
(xrms) of the

3He nuclei using a diffusion probability
profile (DPP) calculated from the technique of
diffusion-weighted spectroscopy and q-space analy-
sis (52). Two components of these measurements
corresponded to diameter of the alveoli and length
of airspaces, respectively.

Aerosol-Derived Airway
Morphometry (ADAM)
Heyder (53) described a technique of estimating
the size of airways using measurement of gravita-
tional deposition of aerosols in airways during a
breath-hold following inhalation of boluses of
aerosols. This measurement was based on the
principle that settling velocity of the aerosol was
inversely related to the caliber of the airway in still
air (54). Therefore, airway caliber could be esti-
mated (effective airway diameter, EAD) from
recovery of aerosol particles on exhalation after
a timed breath hold (54,55). The smallest EAD,
EADmin, corresponding to the most peripheral
zone of the lung, was found to be a reliable esti-
mate of the size of the most distal airspace gener-
ation, that is, alveoli (55). Some variables derived
from ADAM have been shown to roughly correl-
ate with histologic measures in human and dog
lung specimens (56,57).

Relative Merits and Demerits of the
Noninvasive Techniques
Both of these noninvasive techniques have the
potential to be applied for research into

alveolarization as they do not involve ionizing
radiation and are free from other similar ethical
concerns. Both these techniques dispense with the
problem of sampling, as they effectively sample
the whole lung. The respiratory maneuver
required for 3HeMR is easy, as it involves just a
short breath hold of three to ten seconds after
inhaling the bolus of 3He from functional residual
capacity (FRC). In contrast, ADAM involves
breathing in the aerosol to total lung capacity
(TLC) followed by a timed breath-hold and exhal-
ation at a constant exhalation velocity.

ADAM measures EADmin, which is suggested
to be equivalent to the alveolar diameter. This
may be true if the lung is comprised of a perfectly
symmetric branching tree, but the airway branch-
ing both at conducting level and at acinar level is
nonsymmetric, both in terms of angles and rela-
tive cross-sectional areas of the daughter seg-
ments (58–60). Also, a review of physical
principles behind gas mixing and aerosol mixing
suggests that aerosol deposition depends on
factors other than size of the airspaces (61). These
factors are themselves dependent on developmen-
tal changes, including increased depth of alveoli
and changes in relative flow (61). Therefore,
ADAM may not be a suitable tool to evaluate
development of alveoli in childhood and
adolescence.

The technique of 3HeMR relies on far fewer
assumptions. The extremely high diffusivity of
3He atoms minimizes problems with nonuniform
mixing. Measurements from 3HeMR have been
well validated against histologic measures in both
animal and human lungs (see earlier discussion).
However, it must be remembered that ADC is not
a measure of length but of physical restriction to
diffusion. Many calculations of physical dimen-
sions from diffusion restriction of 3He depend on
geometric models and are therefore reliant on the
validity of those assumptions (50). xrms does not
depend on geometric assumptions (52), but gives
a mean displacement of 3He atoms, which can
only be approximated to physical dimensions of
alveoli.

Another concept that can affect the interpret-
ation of ADC is “diffusion time”. This is the time
available for the 3He atoms to diffuse in the phys-
ically restricted environment of the peripheral
lung. If the diffusion time is too short, the diffu-
sion is not restricted, and ADC approximates D,
the free diffusion of 3He atoms in air. If the
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diffusion time is too long, the helium atoms
undergo minimal net displacement, and ADC
tends to zero. Between these extremes (diffusion
times of the order of a few milliseconds) the ADC
is able to give information about dimensions of
alveoli (62). The value of ADC depends on the
selection of diffusion time and other factors such
as the strength of the external magnetic field
and the sequence and magnitude of the gradients
employed. Therefore, a control group is necessary
in most studies using 3HeMR. As long as the
limitations are recognized, 3HeMR is a potent tool
to explore the question of alveolarization in
humans.

Early Studies of Alveolar Development
Using 3HeMR and ADAM
Using 3HeMR, Altes et al. (63) measured ADC in
twenty-nine healthy subjects ranging from four to
thirty years. They reported an increase of ADC
with age, which suggests increase in alveolar
dimensions with age. Estimation of an expected
increase in ADC in the absence of alveolarization
was not attempted, and therefore this study did
not fully address the question about age of com-
pletion of alveolarization.

Zeman et al. (64) used ADAM to determine
EADmin at TLC in fifty-three children and young
adults age six to twenty-two years and fifty-nine
adults. EADmin increased with age, and TLC
varied as the third power of EADmin. They postu-
lated that between ages of six and twenty-two,
alveoli do not increase in number but expand to
cause lung growth. However, the relation of TLC
with EADmin was determined after combining
measurements of children and adults. There are
also a few reservations with use of this technique
to determine alveolar development (see paragraph
on relative merits and demerits).

Indirect Measures of Alveolar Dimensions
Measurements of diffusing capacity of carbon
monoxide (DLCO), alveolar volume (VA) and
transfer coefficient (KCO = DLCO/VA) are well
known physiological measures of alveolar–
capillary function. The technique and principles
behind these measures are well described in sev-
eral textbooks and are not elaborated here (65).
Some authors have used these measures as surro-
gates of alveolar growth (66–68). These measures,

however, could be affected by hemoglobin levels,
permeability of the alveolar–capillary barrier,
ventilation–perfusion mismatch, and differences
in pulmonary perfusion (67) and therefore should
be interpreted with caution in the context of
alveolar development.

Another indirect estimate of average airspace
dimension depends on the finding that pressure–
volume curves during passive lung deflation were
related to the mean size of peripheral airspaces
(69). An index of pulmonary distensibility derived
from the pressure–volume curves has been shown
to be related to morphometrically derived mean
linear intercept (70,71). The recoil of thoracic wall
has not been taken into account in the derivation,
and therefore it is difficult to extrapolate this
relationship to measurements in live humans.
Also, it is likely that relative contributions to the
P–V characteristics may change with age, and
therefore, this technique has not been used to
evaluate alveolar development.

Alveolarization Until Maturity in
Animals
Many recent studies conducted in animals have
suggested that new alveoli may continue to form
throughout the period of lung growth and even in
adulthood. Many of these utilize the new histolo-
gic technique mentioned earlier.

Alveolarization Following
Pneumonectomy in Adult Animals
Hsia et al. (72) examined peripheral lung structure
in the left lungs of five dogs using morphometric
techniques five months and sixteen months
following right pneumonectomy. Alveolar surface
density progressively increases between five and
sixteen months postpneumonectomy to reach
values approximating the surface density in con-
trol dogs. This adaptive response was postulated to
be due to initial expansion of alveolar airspaces to
fill the thoracic cavity following pneumonectomy
followed by septation of enlarged airspaces (i.e.
formation of new alveoli). Fehrenbach et al. (73)
used the new technique of design-based stereology
to assess compensatory lung growth following left
pneumonectomy in adult mice. They performed
left pneumonectomy in eleven adult mice and
determined alveolar numbers in the right lung at
day 6 and day 20 postpneumonectomy. By day 20,
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the right lung had gained 49% of the total alveoli
lost due to removal of the left lung. In the unique
situation of pneumonectomy, the residual lung can
“regrow” alveoli.

Alveolarization Through the Period of
Growth in Rabbits and Rhesus Monkeys
Kovar et al. (16) determined alveolar number by
Weibel's morphometric methods in rabbits at
various ages from birth to thirty-six weeks of life
(adulthood). They found that the alveolar number
increases progressively from birth to adulthood,
though the rate of new alveolarization decreases
with age. Hyde et al. (15) examined the lungs of
twenty-six rhesus monkeys at various ages from
4 days to 7.6 years of life (i.e., neonatal period to
adulthood: somatic growth complete by about six
years) using design-based stereology. The number
of alveoli increased significantly with age, through-
out the period of somatic growth. Rhesus monkeys
are more plausible as models for cessation of alveo-
larization in humans than rabbits.

Calorie-Related Changes in Alveolar
Number
Karlinsky et al. (74) restricted calorie intake by
50% in a group of hamsters for a period of thirty
days and compared morphometric data with con-
trol hamsters. They found increased mean linear
intercept and decreased lung internal surface area
in the starved hamsters, suggesting destruction of
alveoli related to calorie restriction. Massaro et al.
(75) restricted calorie intake in adult mice by
67%. They estimated alveolar number and alveo-
lar dimensions in the calorie-restricted mice using
newer histologic techniques (76) and compared
alveoli with controls. Alveolar volume increased
by 44% within seventy-two hours of calorie
restriction. They allowed another group of mice
to feed ad-libitum after fifteen days of calorie
restriction. Histologic analysis just seventy-two
hours after adlibitum feeding showed that alveo-
lar dimensions and number were restored to
values prior to calorie restriction. The molecular
mechanisms related to these changes were investi-
gated, and the pathway seemed to be associated
with mediators associated with apoptosis.
A surprising degree of alveolar plasticity in adult
mice was revealed – new alveoli could be formed
or destroyed based on caloric intake.

Possible Mechanisms of Postmaturity
Alveolarization
Schittny et al. (77) determined the progress of
alveolarization in Sprague-Dawley rats from four
days of life to sixty days (adulthood in these rats)
using design-based stereology techniques. They
found that new alveolar septae were being formed
well into adulthood. Using 3-D synchrotron radi-
ation X-ray tomography, they showed local dupli-
cation of single capillary layers in areas of
postmaturity septal growth, which indicated a
potential mechanism for postmature alveolariza-
tion. These studies dispelled the notion that the
immature double capillary layers in alveolar walls
were a prerequisite for new septation (14,24).
Taken together, this information from mammals
supports alveolarization beyond early childhood.
There is no reason why this could not happen in
humans. In their paper, Hyde et al. (15) have
called for reconsideration of previous reports of
postnatal alveolar development in humans
because the previous reports were based on bias-
prone techniques. Unfortunately, there have not
been any studies on alveolar development in
humans using new stereologic techniques. How-
ever, recent studies based on noninvasive tech-
niques suggest that new alveoli may continue to
form through the period of lung growth in
humans.

Alveolarization Until Maturity in
Humans
Noninvasive Measurements of Alveolar
Dimension During Normal Lung Growth
Narayanan et al. (78) determined ADC and xrms

as surrogates of alveolar dimensions using two
techniques of 3HeMR in 109 healthy subjects
between seven and twenty-one years. Measure-
ments were also done with different degrees of
gentle inflation of the lung in selected subjects.
Lung volumes were measured by plethysmogra-
phy in all subjects. Changes of the 3HeMR meas-
ures during lung growth were compared to
changes with lung inflation. Lung inflation was
used as a model for lung enlargement without
alveolarization, and the comparisons were carried
out based on statistical methods. Both variables,
ADC and xrms, increased with lung growth, but at
a rate significantly less than the expected increase
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in the absence of new alveolarization. Based on
the statistical model, Narayanan et al. estimated
that the observed 3.4-fold increase in FRC
between seven and twenty-one years of age was
accompanied by a 1.94-fold (95% CI, 1.64–2.30)
increase in alveolar number and a 1.75-fold (95%
CI, 1.48–2.07) increase in alveolar volume (78).
This was the first direct evidence regarding alveo-
larization to adulthood in humans.

Alveolarization Following
Pneumonectomy in Adult Human
Butler et al. (79) assessed measurements derived
from 3HeMR in an adult woman fifteen years
after undergoing right pneumonectomy for hilar
adenocarcinoma at the age of thirty-three years.
The radial dimensions of acinar airways (R) cal-
culated by applying Yablonskiy's model (50) on
the 3HeMR measurements were found to be close
to normal (330±20 μm ) as against the expected
value of ~390 μm, implying an increase in the
number of alveoli. They calculate that there was
a 64% increase in the number of alveoli following
pneumonectomy.

Recovery of Alveolar Structure Following
Preterm Birth
3HeMR is an ideal tool to study recovery of lung
alveoli following injury. Extreme preterm birth
and neonatal chronic lung disease (CLD) are
important factors that affect alveolar develop-
ment. Many studies (80–83) have used histologic
techniques to determine peripheral lung structure
on lung specimens from children who have died
of CLD. Apart from one child who survived up to
7.75 years in Husain's series, all the other human
histologic data regarding the lung structure in
extreme preterm survivors are from infants who
died before forty months of age. Overall, these
studies suggest that in children born extremely
preterm, disordered peripheral lung development
and, consequently, deranged alveolar structure
persists until at least three years of age. When
considered with the previous concept that human
alveolarization was complete by three years, it
was assumed that deranged alveolar structure
would be a lifelong feature in preterm survivors
(84,85).

This reasoning could be challenged for two
reasons. First, histologic data are necessarily

limited to the fatal, severe cases of preterm CLD
and therefore cannot be generalized to survivors.
The second challenge is to the assumption that
human alveolarization is complete at three years.
Animal models were developed to answer the first
challenge. The best known of the animal models
was the preterm baboon model developed by Dr.
Coalson's team (84,86,87). Despite this pioneering
work, there were no data on long-term survivors
because the maximum survival reported in the
preterm baboons was eight months – a human
developmental equivalent of three years.
Regarding the second challenge, the assumption
has come under increasing scrutiny based on the
results with animal models and humans. Naraya-
nan et al. (88) published the first direct proof that
alveolar damage sustained due to preterm birth
may not be lifelong. They compared measure-
ments related to alveolar dimensions using
3HeMR in 119 children from ten to fourteen years
stratified into four groups (term born, mild pre-
term, extreme preterm without CLD, and extreme
preterm with CLD). ADC was similar in all four
groups and was not related to risk factors for
CLD, which implied that any derangement in
alveolar development due to extreme preterm
birth or CLD could be compensated for within
the first decade of life in survivors. The intrasub-
ject spread of ADC (SDADC) was larger in the
CLD group, suggesting some subtle residual
damage (89). This study had adequate statistical
power to detect even small differences in alveolar
dimensions in the preterm group. These results
strongly support the novel notion that human
alveoli have a capacity to regenerate far beyond
early childhood.

The Physiologic Rationale for
Continued Alveolar Growth
Over the last decade, the possibility that at least
some alveolarization occurs beyond early child-
hood was recognized by authors including Burri
(90) and Massaro (91). This concept is supported
by many indirect findings from other studies,
not necessarily evaluating alveolarization. The
findings from animal studies and 3HeMR dis-
cussed earlier reinforce the hypothesis of alveolar
development through the period of lung growth.
The other indirect findings that support this
hypothesis of continued alveolar growth follow.
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Metabolic Demand and “the Call for
Oxygen”
Tenney et al. (92) measured total alveolar surface
area and alveolar diameter in twenty-six represen-
tative mammals of diverse body size and meta-
bolic rates. They found that the internal surface
area of the lung correlates very well with resting
oxygen consumption. Notably, alveolar diameter
was found to negatively correlate with body
weight-specific oxygen consumption. For
example, mammals with high metabolic activity
like shrews and bats had the smallest alveoli, and
the relatively sluggish mammals like dugong and
manatee had the largest alveoli. The relationship
was explained by Massaro on the basis of the “call
for oxygen” (91). Oxygen delivery can be affected
by tidal volume and respiratory rate, but there are
physiological limitations to these variables (92).

Sapoval (93) predicted on theoretical consid-
erations that an ideal acinar structure and dimen-
sion must exist for ideal gas exchange. It is
probable that an ideal alveolar size exists as well,
related to metabolic demand. This would make
sense from the physical standpoint because
oxygen molecules are more likely to encounter
alveolar walls during Brownian motion if alveolar
walls are closer together (in a smaller alveolus). It
is also likely that this ideal dimension is also
sensitive to interindividual variations in metabolic
demand.

Using design-based stereology in adult human
lungs, Ochs et al. (38) showed that alveolar
number was closely related to adult lung volume
and that mean alveolar size was almost constant
between subjects. If alveolarization were com-
pleted by two to three years of age, the final
number of alveoli, and by extrapolation, the final
size of the lung and the final metabolic demand,
would have to be set by then, which is
implausible.

Alveolar Plasticity
There is evidence from both animal and human
studies that alveolar dimensions (and number)
may be related to metabolic needs. Massaro et al.
(75,94) and Karlinsky et al. (74) showed calorie-
related changes in alveolar number in adult
mammals. A similar phenomenon has been
reported in humans. Coxson (95) compared com-
puted tomographic (CT) images of twenty-one

young adults with anorexia nervosa with images
of sixteen age-matched controls (all females). CT
measures of attenuation confirmed that the adults
with anorexia nervosa had changes similar to
emphysematous lungs. Massaro (96) and Coxson
(95) hypothesized that these changes were an
adaptive response to diminished consumption of
oxygen during periods of starvation. Alveolar
regeneration after refeeding supports the theory
that certain mechanisms must exist for alveolar-
ization to proceed beyond early childhood. Both
histologic studies (97) and 3HeMR studies (98)
indicate that alveoli tend to become larger with
age in adulthood. This is probably related to
declining metabolic needs. Conversely, in a
physiological study of elite swimmers, Armour
et al. (99) noted increased lung volumes (includ-
ing vital capacity, total lung capacity, and func-
tional residual capacity) and higher diffusing
capacity of carbon monoxide (DLCO) but
unchanged diffusion coefficient (KCO = DLCO/
Alveolar volume) and index of pulmonary disten-
sibility compared to controls. Within the limits of
the technique, the findings support increased
alveolar number in elite swimmers.

Survivors of Preterm Birth
Evidence from 3HeMR shows that alveolar
dimensions in children born very preterm and
in survivors of neonatal chronic lung disease are
essentially identical to term born children (88).
This indicates catch-up of alveolar structure
following preterm birth. However, functional
respiratory studies in preterm survivors show that
preterm infants have lower DLCO at school age
(66) and young adulthood (67). DLCO is, however,
a test of alveolar–capillary function and is influ-
enced by the permeability of the alveolar–
capillary barrier and ventilation–perfusion mis-
match, apart from the alveolar surface area (see
earlier). Therefore, DLCO can remain abnormal
even if alveolar structure has normalized in pre-
term survivors. This dichotomy between alveolar
structure and function is more likely to happen in
preterm survivors than in diseases of mature
alveolar–capillary units such as COPD. Narang
et al. (100) showed that though DLCO is decreased
at rest in ex-preterm subjects studied at twenty-
one years of age, it normalizes with exercise. Such
an improvement with dynamic testing is not
plausible with persistent structural damage to

247

Alveolarization into Adulthood



alveoli. This again supports the notion that alveo-
lar structure can recover following preterm birth.

Conclusions and Future
Developments
To conclude, it is clear that emerging evidence
with newer techniques of measurement of alveoli
(both invasive and noninvasive) and other indir-
ect techniques support the theory that new alveoli
continue to form through the period of lung
growth. It is time for this new paradigm of alveo-
larization to be disseminated. However, the gold
standard “proof” will require replicating histolo-
gic studies in normal human lungs using newer
stereologic techniques through the period of lung
growth. In the absence of such a gold standard
study, future studies may utilize the noninvasive

nature of 3HeMR to conduct longitudinal studies
of alveolar dimensions. The theory may also be
strengthened if the results described earlier are
replicated using measurements of 3HeMR in
growing lungs using various diffusion times. The
noninvasive nature of 3HeMR may also be utilized
to test alveolar plasticity by measuring alveolar
dimensions before and after influences such as
exposure to environmental tobacco smoke or cal-
orie restriction. Measurements from 3HeMR have
potential to be used as noninvasive endpoints if
new alveolar therapies are developed in the future.
The availability of these new measurement tech-
niques demonstrates the continued growth poten-
tial of the healthy alveoli. The critical questions are
to determine the mechanisms by which alveolar
numbers are regulated and whether knowledge of
those mechanisms can be translated to therapies.
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Chapter

14
Physiologic Assessment of Lung Growth
and Development Throughout Infancy
and Childhood

Anne-Marie Gibson, Sarath Ranganathan, and LexW. Doyle

Abstract
Several lung function tests may be used for the physiologic assessment of lung growth and
development throughout infancy and childhood. Optimal lung function tests for monitoring
cystic fibrosis, bronchopulmonary dysplasia, and recurrent wheezing in children less than 6
years of age have been recently reported, and studies where infant and preschool lung function
has been applied in these specific respiratory disorders have been reviewed. Normal reference
ranges for older subjects, including into adulthood, have also been reported.

When interpreting physiologic measures of lung growth and development throughout
infancy and childhood, it is important to be aware of the influence of growth and maturity, the
influence of demographic factors such as sex and ethnicity, the normal intra- and interindi-
vidual variability of the parameters at each age, and the diagnostic value of each of the
parameters obtained in each test.

Very preterm (< 32 weeks gestational age) or very low birth weight (<1500 g birth
weight) survivors, particularly those who had bronchopulmonary dysplasia in the newborn
period, have more lung function abnormalities, particularly airway obstruction, than do term-
born survivors and are at high risk of adult obstructive lung disease as they grow older.

Keywords:
Airway obstruction, bronchopulmonary dysplasia, lung diffusion capacity, lung function,
very preterm, very low birth weight

In this chapter, we describe the major lung function
tests that may be used for the physiologic assessment
of lung growth and development throughout infancy
and childhood. Lung function tests can be used to
detect andquantify lungdisease,monitor theprogress
of lung diseases, and assess the effectiveness of any
treatments. Some of the lung function tests described
in this chapter hail from tests performed in adults that
have been adapted for application in infants and small
children, but many are specifically created for use in
children. We will also describe some of the lung
function tests applicable to school-age children and
the results for very preterm or low-birth-weight chil-
dren, particularly those who had bronchopulmonary
dysplasia (BPD) in the newborn period.

Respiratory Function in Infants and
Small Children
Lung function testing in newborns or other infants
in an intensive care setting presents particular

challenges, especially when interpreting the
results. These challenges relate to instability of
the infants’ clinical status, intubation altering the
airway mechanics, and air leaks around uncuffed
endotracheal tubes. Moreover, the heterogeneous
nature of newborn or infant intensive care popula-
tions, with large differences in maturity levels and
body size, and in indications for requiring respira-
tory support, all increase the variability in results.

Generally lung function assessments in infants
and small children have been restricted to special-
ist pediatric respiratory units and have used equip-
ment made on site to suit a specific application.
Although comparisons of the data from different
centers may be difficult, the studies have led to a
greater understanding of lung growth and devel-
opment during infancy and the preschool years.
More recently, commercialization of equipment
has allowed its use to become more widespread.
Over the last decade the American Thoracic Soci-
ety (ATS) and the European Respiratory Society
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(ERS) have published recommendations for lung
function testing in infants and preschool children.
These guidelines, along with the increasing
availability of standardized equipment, will allow
for more direct comparisons of research findings
to be made and also allow for improved collabor-
ation between centers, both within the same region
and internationally.

Lung function assessments in infants are often
carried out in a supine position during quiet
sleep, sometimes following sedation, such as with
chloral hydrate. Therefore testing in infants is
inherently different to volitional lung function
testing performed in upright, awake preschool
and older children.

Lung function measurements in preschool
children present a unique set of difficulties com-
pared with testing infants or older children. Pre-
school children are too old to sedate for lung
function and are not generally cooperative during
lung function testing. Many of the standard lung
function tests such as spirometry require active
participation and the ability to follow specific
instructions and are therefore limited to children
age 5 years and older. There are, however, several
studies reporting the use of standard lung

function tests, such as spirometry, in this younger
cohort. The success rates tend to be low, and as
the complexity of the tests increases, the success
rate decreases further. Different strategies have
been developed to assess lung function in this
age group. Difficulties in testing preschool chil-
dren have meant that development of lung func-
tion tests within this age group has lagged behind
that in infants and older children. Recently stand-
ardized equipment has become available commer-
cially, and therefore it is expected that research
and development with lung function testing
within this age group will increase, as was the case
following similar developments with infant lung
function testing.

The different tests that are possible in pre-
school children include measurements of tidal
breathing, forced expiratory flow-volume, whole
body plethysmography, functional residual cap-
acity and ventilation homogeneity by gas dilution
techniques, and lung diffusing capacity.

Tidal Breathing Measurements
Measurements of tidal breathing can be made in
infants and small children who are not able to
actively perform forced expiratory maneuvers.
Tidal breathing can be measured directly by a
flow meter, such as a pneumotachograph or ultra-
sonic flow meter, attached to a mask applied to
the patient’s face, or indirectly by attaching chest
and abdominal bands, such as respiratory induct-
ive plethysmography predominantly used during
sleep studies (Figure 14-1) (1). Tidal breathing
measured by either technique will produce a tidal
flow-volume loop (Figure 14-2). The flow-volume
loops produced by tidal breathing measures may
be useful for recognition of bronchial obstruction
that may be seen in preterm infants with BPD, but
are not useful for the early diagnosis of respira-
tory diseases such as cystic fibrosis (2). The most

Figure 14-2. Tidal breathing flow-
volume traces. Panel (A) shows tidal
volume as flow versus volume. Panel (B)
represents tidal volume as flow versus
time. PTEF: peak tidal expiratory flow, tE:
expiratory time, tPTEF time to
reach PTEF.

Figure 14-1. Photo of a child having infant lung function
testing. The child has been sedated with chloral hydrate and
has had a mask with pneumotachograph attached to their face
using putty to prevent leaks.
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commonly reported tidal volume variable is the
ratio of the time to reach peak flow to total
expiratory time (tPTEF/tE) (Figure 14-2), which is
reduced in airway obstruction, such as may occur
in wheezy infants. Tidal breathing variables are
relatively easy to maintain even in an unsedated
infant. They may contribute to the overall clinical
picture as part of a more complete assessment in
an infant with respiratory disease and therefore
provide an aid to diagnosis and monitoring, as
well as providing an outcome measure for
research purposes.

Detailed information on recommendations
for tidal breathing testing and analysis are pro-
vided in a document published by the ERS/ATS
task force on standards for infant respiratory
function testing (3). This paper provides recom-
mendations about software and equipment
requirements when analyzing tidal breathing
measurements in infants. The guidelines also
cover terminology and definitions, equipment,
data acquisition and analysis, and reporting of
tidal breathing results and highlight areas in
which further research is needed before consensus
can be reached. There have been many efforts to
establish normal reference data for tidal volume
variables in healthy infants, with varying success,
and therefore the physiological implications and
the clinical or diagnostic value of most tidal
breathing measurements remain limited (1).

Forced Expiratory Flow-Volume
Measurements
In older children and adults who are able to
actively cooperate, forced expiratory flows, such
as those measured by spirometry, may be used for
the evaluation, monitoring, and management of
respiratory diseases. By altering the techniques
and modifying the equipment a version of these
tests can be carried out in infants and preschool
children. Forced expiratory flows can be meas-
ured in infants using a flow meter attached to a
face mask and performing either forced deflation
or rapid thoracoabdominal compression (RTC; a
squeeze) from tidal or raised lung volumes.
Forced deflation is relatively invasive and requires
the infant to be intubated and a negative pressure
applied, which is why it is not routinely used in a
clinical setting (4). The RTC technique requires
the application of external pressure, or a
“squeeze,” to the thoracoabdominal area and is

usually accomplished by wrapping the infant with
an inflatable jacket or vest. Rapid inflation of the
jacket or vest results in a rapid thoracoabdominal
squeeze to empty the infant’s lungs. These meas-
urements are taken during the normal tidal
breathing cycle and therefore are only able to
describe forced expiratory flows during the
limited tidal volume.

The most commonly reported measurement
from the RTC is maximal expiratory flow at func-
tional residual capacity, V’maxFRC (Figure 14-3).
The shape of the peak expiratory curve also gives
an indication of airway function. As with spiro-
metry, a convex curve generally reflects normal
airway caliber whereas a concave curve may indi-
cate airway obstruction. Despite several attempts
by different researchers, there are still no widely
accepted normal reference data available, which is
related to differing equipment, ethnicity, socio-
economic, and age-related factors (4).

Another RTC technique involves augmenting
the infant’s breath during inspiration to a set
inspiratory inflation pressure, thus increasing
the breath above normal tidal volumes prior to
the rapid squeeze; this technique is called raised
volume rapid thoracoabdominal compression
(RVRTC). The RVRTC provides expiratory flow
information over a greater volume, from near
total lung capacity to near residual volume and
for this reason is sometimes referred to as infant
spirometry. The jacket pressure, or amount of
squeeze applied is incrementally increased to a
point where further increases do not result in
higher flow rates, that is, flow limitation is
achieved.

Figure 14-3. V'maxFRC flow-volume trace. PEF: Peak expiratory
flow; FRC: Functional residual capacity; V’maxFRC: Maximal flow
rate at FRC.
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The most commonly reported measurements
are similar to those from traditional spirometry
and include forced vital capacity (FVC) and
forced expiratory volumes at 0.5, 0.75, and 1 s
during the forced expiration (FEV0.5, FEV0.75,
and FEV1, respectively). Calculation of FEV1 and
FVC are not usually feasible, as expiratory times
are too short in the infants. Measurements repre-
senting forced expiratory flow are also reported
and include forced expiratory flow at 50, 75, and
85% of FVC (FEF50, FEF75, and FEF85, respect-
ively). As with spirometry performed in older
children and adults, the volume-time measure-
ments are more reproducible than the flow-
volume measurements. As with the tidal volume
RTC technique, the shape of the forced expiratory
flow-volume curve provides information on
potential airway obstruction (Figure 14-4).
Detailed information on recommendations for
RVRTC measurement and analysis are provided
in a document published by the ERS/ATS task
force on standards for infant respiratory function
testing (5).

Infant Whole-Body Plethysmography
Quantifying lung volume is important for assess-
ing overall lung growth and development
throughout infancy and childhood. Most of the
other infant lung function tests are volume
dependent, for example, if lung volumes are
lower, then FEV0.5 may be lower. The only static

lung volume measured during infant lung func-
tion is FRC. FRC represents the amount of air left
within the lungs at the end of a normal tidal
breath, and it includes residual volume. FRC can
be measured by whole-body plethysmography
(FRCpleth) or by an inert gas washout technique.
Infant whole-body plethysmography equipment is
available commercially, potentially allowing wide-
spread application of the technique. Whole-body
plethysmography requires the infant to lie in a
closed, rigid clear container; the plethysmograph.
The lid of the container is designed so that the
infant can be monitored through the test and is
easily accessible if necessary. Within the container
a flow meter is attached to the infant, usually via
face mask (Figure 14-5).

FRC measured in the whole-body plethysmo-
graph is based on Boyle’s law, which states that
with constant temperature the product of pres-
sure and volume of a fixed mass of gas will be
constant (4,6). During testing the flow meter is
occluded briefly, during which time the infant
makes respiratory efforts against the shutter,
which compresses and expands the gas within
the remaining lung volume, that is, FRCpleth

(4,6). The change in alveolar pressure, measured
at the mouth or airway opening, is assumed to
represent alveolar volume, which reflects changes
in the box pressure within the plethysmograph,
and is used to calculate lung volume during the
occlusion (4, 6). An abnormally elevated FRCpleth

may be due to hyperinflation, and abnormally low
values may indicate restriction. Airway resistance
(Raw) is also measured during this test and is the
pressure difference that must be applied between
alveoli and the external atmosphere to produce a
gas flow of 1 L.s–1 at the airway opening (4,6).
The advantage of plethysmographic assessment of

Figure 14-4. RVRTC flow-volume trace. FEV1.0: Forced
expiratory flow at 1 second during a forced expiration; FEV0.5:
Forced expiratory flow at 0.5 seconds during a forced
expiration. Loop a demonstrates lower inspiratory and jacket
(squeeze) pressures; loop b demonstrates higher inspiratory
and jacket pressures, nearing flow limitation.

Figure 14-5. A photo of a child within a whole-body
plethysmograph, attached to the pneumotachograph via a
face mask.

256

Fetal and Neonatal Lung Development



Raw is that it can be measured throughout the
respiratory cycle and thus reflect dynamic condi-
tions (4,6). Several other variables can be derived
from these measurements: airway conductance
(Gaw) is the reciprocal of Raw; specific resistance
(sRaw) is the product of Raw and FRC (sRaw = Raw.
FRC) and can be determined from tidal breathing
without the need for airway occlusions (4,6).
A standardization document discussing plethys-
mographic measurements of lung volume and
airway resistance in infants was published in
2000 as a result of a joint task force of the ERS/
ATS and details recommendations relating to
equipment requirements, study procedures, and
reporting of data for plethysmographic measure-
ments in infants (7).

Measurement of Functional Residual
Capacity and Ventilation Inhomogeneity
by Gas Dilution Techniques
Measurement of ventilation inhomogeneity is a
rapidly growing area in pediatric respiratory
physiology. An essential requirement for effective
ventilation is the efficient mixing of inspired gas
with the resident gas within the lungs. If this gas
mixing is inhomogeneous or inefficient, ventila-
tion will change to ensure adequate gas exchange.
The airways change with descent through many
divisions from the initial, larger, more proximal
conducting zones where gas flow is achieved by
conduction (airway generations 1–16), down to
areas of the lungs where gas movement occurs by
diffusion, the smaller more peripheral acinar
zone, where gas exchange occurs. Lung
structure, especially in the periphery, airway
resistance, and lung compliance, all influence
gas-mixing efficiency. Even healthy lungs will
have ventilation inhomogeneity. In a normal
lung, therefore, some degree of ventilation ineffi-
ciency will be present, but if there is airway
obstruction, either generalized or in a particular
region, but especially in the peripheral airways,
the distribution of ventilation will be uneven, with
a reduction in gas mixing efficiency and gas trap-
ping. This may be the case in infants with cystic
fibrosis (2). The multiple breath washout (MBW)
tests assess the efficiency of gas distribution and
mixing within the lungs.

Commercial systems are available that meas-
ure inert gas washout or gas dilution and can be

used in infants. Newer methods are able to meas-
ure breath-by-breath gas concentrations and
allow for more complex analyses that provide data
on overall gas mixing efficiency within the lungs,
that is, the inhomogeneity of ventilation (8). The
more time it takes to wash-in or wash-out an inert
gas, the less efficient is the ventilation. These tests
are noninvasive and are performed during tidal
breathing.

The most commonly reported variable is the
lung clearance index (LCI). The LCI is calculated
as the cumulative expired volume needed to lower
end-tidal marker gas concentration to 1/40th of
the starting concentration divided by FRC, that is,
the number of lung volume turnovers needed to
clear the marker gas from the lungs. A technique
called moment analysis can be used to quantify the
degree of inhomogeneity of ventilation distribu-
tion as described by the inert gas washout curve.
Moment ratios describe the area under the gas
washout curve. The higher the moment ratios,
the more skewed is the washout curve, which
indicates that a greater portion of the lungs is
slowly ventilated. Consequently, the LCI will
become higher as the lungs must be ventilated
for a longer time, and the moment ratios become
higher as more of the marker gas leaves the lung
late during the washout. Although these simple
tests are highly sensitive to airway pathology, par-
ticularly obstruction of the peripheral airways,
they do not give any information about the mech-
anisms behind inhomogeneity or where along the
airway tree obstruction has occurred.

More complex analysis using the slopes gener-
ated during normal tidal breathing suggests that
MBW may allow the area of ventilation ineffi-
ciency to be localized within the conducting
airways (Scond), or within the acinar or gas
exchanging zone of the lungs (Sacin). There is a
zone within the lungs where ventilation by con-
vection and ventilation by diffusion meet; this
zone is known as the diffusion–convection front.
Different disease processes occurring within the
lungs may move this diffusion–convection front
peripherally or proximally and thus alter the
Scond and Sacin dependent on where the disease
is affecting ventilation efficiency. Phase III slopes
are a plot of a single breath measured during the
MBW test and show the expired volume of the
breath along the x-axis and the concentration of
expired gas as the expiration of that breath con-
tinues, in this case nitrogen concentration
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(Figures 14-6 and 14-7). There are different
phases throughout the expired breath; first a very
low expired gas concentration (phase I), then a
rapid rise (phase II), followed by a plateau in the
expired gas concentration (phase III).

Phase I is the apparatus and airway dead
space, phase II is the transition, and phase III

is known as the alveolar plateau and equates to
approximately 65 to 95% of the tidal volume of
an expired breath. The phase III slope is calcu-
lated by regression over this region of the
expired breath and is the change in gas concen-
tration over that tidal volume. To compare these
slopes over the entire MBW is not possible as
the expired gas concentration of each breath
decreases as the MBW progresses; therefore the
phase III slope is normalized for gas concen-
tration; this is known as the normalized phase
III slope or SnIII. The SnIII values for each
breath of the MBW test can then be plotted
against the lung volume turnover (cumulative
expired volume/FRC; Figure 14–8). Scond- and
Sacin are derived from analysis of concentration
SnIII of a multiple breath inert gas washout.
The original work by Paiva and Engel provides
in-depth description of this theory (9,10). In
subjects with marked inhomogeneity occurring
as a result of convection-dependent mechanisms
the SnIII will increase steadily during the wash-
out, as may be seen in cystic fibrosis (4). This is
the result of uneven ventilation among the con-
ducting airways.

Thompson et al. speculated that the Scond
value might be the result of the remodeling pro-
cess that occurred in chronic asthma that did not
respond to treatment, and the functional reflec-
tion of airway inflammation, within asthmatic
airways (11). Further research is required before
such speculative interpretations regarding
structure–function relationships in the peripheral
airways and acinus can be confirmed.

The ability to measure small airway function
is important in a number of disease processes, for
example, cystic fibrosis, asthma, and the lungs of
preterm infants, all of which may result in

Figure 14-8. Spirogram showing
volume on the vertical axis and time on
the horizontal axis.

Figure 14-6. A single breath washout curve from the MBW
test illustrating phase I, phase II, phase III, and the alveolar phase
III slope (red)

Figure 14-7. Phase III slope analysis illustrating the calculation
of Scond and Sacin.
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changes within the small airways or acinar air
spaces affecting airflow or ventilation efficiency
within the airways. The small airway function
variables measured in spirometry, such as
FEF25–75% or forced expiratory flow at 50% of
FVC (FEF50%), may be reduced in the presence
of small airways disease, but there is mounting
evidence that they are not sensitive or specific to
disease processes occurring in small airways or
airspaces, especially in the presence of airflow
obstruction in the larger conducting airways or
gas trapping within the lungs (11–16).

A standardization document published jointly
by the ERS and ATS provides guidelines for wash-
out equipment specifications, test performance,
and analysis for both infant and adult populations
and outlines the important theoretical background
and principles essential for understanding gas
washout techniques (17).

Lung Diffusing Capacity
Gas exchange is the primary function of the lung,
and many lung diseases impair gas exchange.
Respiration occurs externally between alveolar
gas and pulmonary capillary blood and internally
between systemic capillary blood and tissue.
Measurements of arterial blood gas reflect the
balance between internal and external respiration
(6). Ventilation comprises not only gas involved
in gas exchange (alveolar ventilation) but also gas
that does not take part in gas exchange (dead-
space ventilation). The balance between alveolar
ventilation and carbon dioxide (CO2) production
is shown in the arterial partial pressure of CO2

(PCO2) (6). The arterial partial pressure of
oxygen (PO2) shows the adequacy with which
the pulmonary blood flow is oxygenated by the
lungs (6).

Diffusion is limited by the surface area over
which diffusion occurs, capillary blood volume,
hemoglobin concentration, and the properties of
the lung parenchyma, for example, alveolar–
capillary membrane thickness and/or the presence
of excess fluid in the alveoli (6). The total lung
volume is not involved in gas exchange. Most gas
exchange occurs as a function of diffusion, not bulk
flow. The role of ventilation is to provide bulk flow
of gas with the ambient air and to provide a con-
stant gradient for oxygen and carbon dioxide
(6,18,19). Spirometry measures various parts of
bulk flow, whereas diffusing capacity measures

the forces at work in molecular movement with
the oxygen concentration gradient from the alveo-
lar surface through to the hemoglobin molecule.
The test, diffusing capacity of the lung, commonly
uses carbon monoxide as the tracer gas for meas-
urement because carbon monoxide has a high
affinity for binding to the hemoglobin molecule
(6). This allows a measurement of pure diffusion
because the movement of the carbon monoxide
only depends on the properties of the diffusion
barrier and the amount of hemoglobin (6).

Diffusing capacity of the lung for carbon
monoxide (DLCO) is the measure of carbon mon-
oxide transfer (19). In Europe, it is frequently
called the transfer factor of carbon monoxide
(TLCO). The commonly used clinical tests to
measure DLCO are based on a ratio between the
uptake of carbon monoxide in milliliters per
minute divided by the average alveolar pressure
of carbon monoxide at standard temperature and
pressure, dry, per minute (STDP) (18).

Measurement of alveolar volume (VA) and
pulmonary DLCO can provide a functional assess-
ment of the volume and surface area available for
gas exchange, which indirectly estimates the
alveolar number and size (20). In subjects from
around late school age to adulthood, DLCO and
VA increase with somatic growth, such as height.
These physiologic results are consistent with mor-
phometric data that parenchymal lung growth
occurs in this age range primarily by the increas-
ing size of the existing alveoli (20,21). Factors that
influence the diffusing capacity of the lung
include increased ventilation–perfusion mis-
match, reduction of alveolar surface area for gas
exchange, decreased density of pulmonary capil-
laries, and a reduction in lung capillary blood flow
(22). Interstitial lung diseases may result in
abnormal DLCO long before spirometry or lung
volume abnormalities are evident. Reduced DLCO
is not only an abnormality of restrictive intersti-
tial lung disease but also can occur in emphysema.
Therefore other obstructive processes that mostly
affect the airways can have similar spirometry, but
a reduced DLCO implies a loss of alveolar surface
area consistent with emphysema.

The most commonly used and standardized
technique to measure DLCO is the single-breath
breath-holding technique (18). In this test, a sub-
ject breathes in a known volume of tracer gas that
typically contains 10% helium, 0.3% carbon mon-
oxide, 21% oxygen, and the balance nitrogen (18).
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The subject breathes in the tracer gas and holds
the breath for 10 seconds. The subject then
exhales to wash out the mechanical and anatomic
dead space, after which an alveolar sample is
collected. DLCO is calculated from the total
volume of the lung, breath-hold time, and the
initial and final alveolar concentrations of carbon
monoxide. The exhaled helium concentration is
used to estimate a single-breath estimate of total
lung capacity and the initial alveolar concentra-
tion of carbon monoxide (6,18). The driving pres-
sure is assumed to be the calculated initial alveolar
pressure of carbon monoxide (6). The calculated
DLCO is a product of the patient's single-breath
estimate of total lung capacity multiplied by the
rate of carbon monoxide uptake during the 10-
second breath hold (6). This timed breath hold
presents problems when attempting the measure-
ment in infants, preschool children, and younger
school-age children. A standardization document
discussing single-breath determination of carbon
monoxide uptake in the lung was published in
2005 as a result of a joint task force of the ERS/
ATS and details recommendations relating to
equipment requirements, study procedures,
and reporting of data for plethysmographic
measurements in infants (18).

Techniques for the Measurement of
Lung Function in Preschool and
School-Age Children
The level of cooperation required for many stand-
ard lung function tests means their application
within the preschool group is difficult. Recent
advances and development of commercially avail-
able equipment have led to an increase in the
number of centers testing this age group. This
will in turn lead to an increased knowledge of
the practicalities involved in testing this
age group.

Pulmonary function testing plays a key role in
the diagnosis and management of chronic pul-
monary conditions, such as asthma and cystic
fibrosis, in children over 6 years of age.

However, objective physiologic assessments
have a limited role in the care of infants and
children under 6 years of age, due to the chal-
lenges of measuring lung function in these young
patients. A number of lung function techniques
have been developed and evaluated among

children less than 6 years of age in the research
setting and show promise as safe, feasible, and
potentially useful clinical tests.

Preschool children present a number of
special challenges. The children are generally too
old to sedate for pulmonary function testing
(PFT), as is done with infants, and measurement
of lung function under anesthesia is neither ethic-
ally acceptable nor physiologically relevant to
clinical management. Children in this age group
are not able to voluntarily perform many of the
physiological maneuvers required for the pul-
monary function tests used in older children and
adults. They have a short attention span and are
easily distracted. Due to these issues, the children
need to be engaged and encouraged by the oper-
ator to participate in the test.

Spirometry
Spirometry is commonly used to assess lung
function in older children and adults, and there
are several reasons why it is an appealing tech-
nique to apply to the preschool population. Most
patients, especially those age 6 years and older,
can easily perform spirometry when coached by
an appropriately trained technician. The indica-
tions for spirometry are diverse; it can be used
for diagnosing and monitoring respiratory symp-
toms and disease, for preoperative risk stratifica-
tion, and as a tool in epidemiologic and other
research studies. Spirometry is a voluntary man-
euver in which a seated patient inhales max-
imally from tidal breathing to total lung
capacity (TLC), and then rapidly exhales to the
fullest extent until no further volume is exhaled
at residual volume (RV) (Figure 14-8). The man-
euver may be performed in a forceful manner to
generate FVC.

Preschool children can successfully perform
spirometry to identify disease states and track
lung function over time. As with other lung
function testing, equipment and testing condi-
tions must be appropriate, and coaching must
be provided by a skilled and experienced
respiratory physiologist. Loeb et al. showed that
the percentage of acceptable and repeatable
spirometry increased with age, rising above
50% by age six, and reached a plateau with
approximately 85% success at age ten (23). They
also showed the most common unmet criteria
for an unacceptable study among preschool
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children was glottic closure and nonmaximal
efforts, while in school-age children it was fail-
ure to plateau (23). Recent advances in com-
puter technology have allowed the introduction
of visual incentive and interactive computer
animation to aid the achievement of reliable
and reproducible results in the preschool
age group.

A spirogram is a graphic representation of air
movement shown as a volume-time tracing or as a
flow-volume tracing (Figure 14-9). Values pro-
duced in a spirogram provide important graphic
and numeric data about the mechanical proper-
ties of the lungs, including airflow (FEV1, forced
expiratory volume in 1 second) and exhaled lung
volume. The measurement is normally expressed
in liters for volumes or in liters per second for
flows and is corrected for body temperature and
pressure (BPTS) of gas that is saturated with
water vapor. Data from a spirogram show import-
ant patterns that help distinguish obstructive pul-
monary disorders that typically reduce airflow,
such as asthma, from restrictive disorders that
typically reduce total lung volumes, for example
pulmonary fibrosis.

Abnormal spirograms are usually categor-
ized as restrictive or obstructive impairments.
An obstructive component implies airway
obstruction, characterized by reduced expiratory
flow rates. A restrictive pattern suggests a con-
dition in which vital capacity (volume) is
diminished. This must be distinguished from
obstructive disease, diagnosed by measurement
of normal or increased total lung capacity and
decreased flow rates. The variables measured in
spirometry are usually used to identify an
obstructive pattern; the FEV1 is the most stud-
ied because it is easy to measure, is

reproducible, and is sufficiently sensitive (23–
26). This measurement is reduced in obstructive
and restrictive disorders. In obstructive diseases,
FEV1 is decreased disproportionately to the
FVC, reducing the FEV1/FVC ratio indicating
airflow limitation. In restrictive disorders, the
FEV1, FVC, and total lung capacity are all
decreased, and the FEV1/FVC ratio is normal
or even high (27,28). FVC is a measure of lung
volume and is typically reduced in diseases that
cause the lungs to be smaller or reduce the
amount of air a subject can inhale. These pro-
cesses are generally termed restrictive and can
include disorders of the lung parenchyma, such
as pulmonary fibrosis, or of the ability to inhale,
for example muscular weakness.

However, a reduced FVC is not always due to
reduced total volumes and can be due to severe
airflow obstruction and air trapping in large
hyperinflated lungs, as in emphysema. When this
occurs, the FVC is reduced because of reduced
airflow, air trapping, and increased residual
volume. Reduced FVC can occur despite a normal
or increased total lung volume. Therefore, FVC is
not a reliable indicator of total lung capacity or
restriction, especially in the setting of airflow
obstruction.

The shape of the flow-volume curve can indi-
cate the location of airflow limitation, for example,
the large upper airways or smaller airways (Figure
14-9). With common obstructive airflow dis-
orders, such as asthma, the disease usually affects
the expiratory loop and can reduce the effort-
dependent peak expiratory flow as well as subse-
quent airflows that are independent of effort. The
expiratory loop is typically concave in this
instance. In contrast, several anatomic disorders
that narrow the large airways can produce a variety

Figure 14-9. Spirometry patterns in
various pulmonary disorders compared
with normal, displayed as volume-time
and flow-volume graphics. A –
represents a normal pattern; B –
represents an obstructive pattern; C –
could either represent the pattern seen
from preschool lung function or a
restrictive disorder.
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of patterns of shortening or flattening of either the
expiratory or inspiratory loop of the curve (vari-
able upper airway obstruction) or both loops of the
curve (fixed upper airway obstruction). Other
measurements reflect small airways, such as meas-
ures of flow from a spirogram, like the maximal
midexpiratory flow (MMEF) or forced expiratory
flow at 25% to 75% vital capacity (FEF25–75%). The
FEF25–75% is the slope of the spirogram when
between 25% and 75% of the FVC has been
expired. The FEF25–75% is a more sensitive early
indicator of airway obstruction than FEV1, but it is
less reproducible (25). The ATS/ERS have pro-
duced guidelines that outline acceptability and
reproducibility criteria, although based mostly on
spirometry when performed in adults (25) and a
modification specific to spirometry measured in
preschool children (29).

Reference Equations for Ventilatory
Function Measurements in Children
Reference Data in Infants and Preschool
Children
The lack of availability of reference data is a
significant limitation when interpreting infant
lung function. Acquiring measurements from
healthy individuals is problematic due to the usual
requirement for sedation. Where reference data
exist, they have often become obsolete as com-
mercial systems are developed and the measure-
ments have changed. Currently, no appropriate
reference data are available for the RTC or
RVRTC technique or plethysmographic measure-
ments. In contrast, reference data for the inert gas
multiple breath washout techniques are immi-
nent. In preschool children, reference data exist
for gas-mixing techniques, but may be device
specific (30).

In contrast to other lung function tests, excel-
lent reference data are available for spirometry as a
result of the superlative work of the Global Lungs
Initiative. Results were collated from over 57,000
individuals from 72 centers in 33 countries span-
ning the age range from 3 to 95 years (31). These
reference data are cross-sectional in nature so still
remain problematic for interpretation of longitu-
dinal results but still provide a de facto reference
population for spirometry and will enhance inter-
pretation of spirometry measurements at all ages
and in individuals of various ethnicities.

Clinical Application of Pulmonary
Function Testing in Preterm Children
Differences in FEV1 Between Preterm and
Control Subjects
From the limited data available for very preterm
preschool children, those with BPD have persistent
reductions in airflow and higher airway resistance
compared with those who did not have BPD and
compared with control subjects (32–34). Figure 14-
10 shows some of the studies with values for FEV1

reported from early childhood through to adult-
hood for preterm survivors compared with con-
trols, usually of normal birth weight or born at
term (35–54). Some studies in Figure 14-10 predate
the widespread use of surfactant into clinical prac-
tice, with cohorts born before 1990, whereas other
studies comprise births from more recent years,
when surfactant was freely available. The ages of
the subjects range from 7 to 8 years through to the
late twenties. Some are regional cohorts, with the
intent being to assess as many survivors as possible
from a defined geographical region, which reduces
selection biases and hence makes any results more
widely applicable. Other studies are highly selective,
sharing characteristics such as having been venti-
lated or having had BPD in the newborn period.
The applicability of the results from these latter
studies to all preterm survivors is less clear than
for complete geographical cohorts.Other character-
istics of those selected for study, such as birthweight
or gestational age, also vary widely.

The numbers of preterm subjects in individual
studies vary from as few as 29 to as high as 240.
Some have reported results as percent predicted
for age, height, and sex; others have reported
results as z-scores for age, height, and sex.
Regardless of the basis for the results, if mean,
SD, and sample size have been reported for both
groups, it is possible to pool the data and calculate
overall standardized mean differences and 95%
confidence intervals, contrasting preterm sur-
vivors with controls.

Most individual studies have reported signifi-
cant reductions in FEV1 in preterm subjects com-
pared with controls (Figure 14-10). The results are
mostly consistent, regardless of the differences in
the demographic characteristics and other features
between the various studies, including whether the
cohorts were born before or after surfactant was
available. In the pooled analysis, the mean
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reduction in standardized mean difference for the
FEV1 in the preterm groups compared with con-
trols was –0.79 (95% CI –0.94, –0.63; 23 studies;
3,548 participants). The pooled mean differences
between preterm and control groups were not
significantly different for studies reporting out-
comes in the presurfactant era (–0.76 (95%
CI –0.97, –0.54; 15 studies; 1,963 participants)
compared with the surfactant era (–0.87 (95%
CI –1.05, –0.68; 8 studies; 1,585 participants).
The largest difference between preterm and term-
born subjects from the surfactant era was from the
regional study that included only survivors born
<26 weeks gestation, with the standardized mean
difference of –1.26 SD between groups (53). There
were no obvious trends over time within either
subgroup, with the studies ordered by increasing
years of birth of the subjects.

Changes with Increasing Age of the Subjects
Several of the studies reported results from the
same cohort, but at different ages. In one of these
studies, from survivors of birth weight <1501 g

born in 1977–1982 from a single hospital, the
mean standardized differences between preterm
subjects and controls at 14, 18, and 25 to 28 years
of age were almost the same (–0.69 (36), –0.66 (37),
and –0.68 (38) SD, respectively). In contrast, in
another study that reported on survivors <1001 g
birth weight or <29 weeks gestational age from a
regional cohort in Norway, results between 17 and
25 years for subjects born in 1982–85, and between
10 and 17 years for subjects born in 1991–92
showed an improvement over time, with the mean
standardized difference between preterm subjects
and controls falling from –1.00 to –0.82 for those
born in 1982–85, and from –1.06 to –0.75 for those
born in 1991–92 (42).

Changes between Eras Within the Same Region
Several of the studies reported results from simi-
lar subjects born within the same region, but in
different eras, with little evidence for a substantial
change over time. In one of these studies, from
survivors <1000 g birth weight or <28 weeks’
gestation born in the state of Victoria at 8 years

Study 

Presurfactant era births

Surfactant era births

Mean SD N Mean SD N
Preterm Control

Standardized Mean Difference (95% CI)

Favors control Favors preterm

Subtotal (95% CI) 1152 811

Subtotal (95% CI) 878 707

Total (95% CI) 2030 1518

–2 –1 0 1

Criteria

Northway (35) 85.9 12.5 51 100.4 10.9 531894 g BW, 33 w GA 
Doyle (36) 94.8 14.4 169 104.6 13.2 39<1501 g BW
Doyle (37) 90.4 14.3 147 99.4 9.5 37<1501 g BW
Gibson (38) –0.71 1.64 87 0.34 0.8 19<1501 g BW
Narang (39) –0.6 1.2 58 –0.58 1.2 48<2000 g BW; <37 w GA 
Anand (40) 94.9 13.8 128 96.5 10.8 128<1500 g BW
Kennedy (41) 91 14.9 102 102.1 10.2 82<1501 g BW
Vollsaeter (42) –1.08 1.28 46 0.22 1.29 46<1001 g BW, <29 w GA 

Vrijlandt (43) 95.4 15.9 42 109.6 13.4 48<1500 g BW, <32 w GA 
Gross (44) 91.3 17.6 96 97 12 108<32 w GA
Kilbride (45) 85 14 50 91 9 25<801 g BW

Siltanen (47) 92 13.1 50 104 8 54<1501 g BW
Malmberg (48) 83.6 11.7 49 101 7.6 18<1500 g BW, <30 w GA

Korhonen (49) 92.5 14 68 99 11 34<1500 g BW
Doyle (50) –0.95 1 240 –0.03 0.92 208<1000 g BW, <28 w GA

Smith (51) 85 12.4 126 95 10.2 34<1000 g BW, <32 w GA
Danks (52) 90.2 13.3 48 97.7 10.9 55<1000 g BW
Fawke (53) –1.4 1.2 182 0.0 1.0 161<26 w GA

Vollsaeter (42) –1.00 1.22 40 –0.01 1.18 43<1001 g BW, <29 w GA 

Vollsaeter (42) –0.85 0.74 35 –0.05 0.74 35<1001 g BW, <29 w GA 
Vollsaeter (42) –0.73 0.99 29 –0.03 0.86 31<1001 g BW, <29 w GA 

Hacking (54) –0.72 1.2 150 0.19 1.22 149<1000 g BW, <28 w GA

Evensen (46)

Birth years

1964 – 73 
1977 – 82 
1977 – 82 
1977 – 82
1979 – 80
1980 – 81 
1981 – 82
1982 – 85

1983
1983 – 86
1983 – 89 

1987 – 88 
1989 – 91 

1990 – 94 
1991 – 92 

1992 – 94 
1992 – 94 
1995 

1982 – 85

1991 – 92 
1991 – 92 

1997 

1986 – 88 

Age (years)

18
14
18
24 – 28
21
15
11
17 

19
7
11

10
8

7
8

10
12
11

25

10
17

8

18 85.2 10.9 37 98.1 11.1 63<1501 g BW

Figure 14-10. Standardized mean differences for FEV1 compared between preterm groups and controls, contrasting births before
and after surfactant was available. Original values for individual studies are either percent predicted or Z-scores. Studies are ordered
by year of birth of the participants, and are referenced.
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of age, the mean standardized differences between
preterm subjects and controls were –0.95 for
those born in 1991–92 (50) and –0.75 for those
born in 1997 (54). In the other study of survivors
<1001 g birth weight or <29 weeks gestational
age from a regional cohort in Norway, mean
standardized differences between preterm
subjects and controls for subjects born in
1982–85 were –1.00 for 17-year-olds and –0.82
for 25-year-olds, and for subjects born in
1991–92 were –1.06 for 10-year-olds and –0.75
for 17-year-olds, respectively (42).

Differences in FEV1 Between BPD and no
BPD Groups Among Preterm Survivors
Within preterm groups, those who had BPD in the
newborn period had even more reductions in
FEV1 compared with those who did not have
BPD in most individual studies (35–
38,41,42,44,45,48–50,53–57), with an overall
standardized mean difference of–-0.81 (95%
CI –0.99, –0.63; 19 studies, 1,788 participants)

between groups (Figure 14-11). The reductions
with BPD were larger in the presurfactant era
(standardized mean difference –0.95 [95% CI –
1.20, –0.69; 13 studies, 1,065 participants]) than
in the surfactant era (standardized mean differ-
ence –0.58 [95% CI –0.73, –0.42; 6 studies, 723
participants]). There were no obvious trends with
time in either subgroup.

Changes with Increasing Age of the Subjects
Results from one study suggest that airway obstruc-
tionmay increase as survivors with BPDgrowolder
(42). In that study of survivors <1001 g birth
weight or <29 weeks gestational age from a
regional cohort in Norway, mean standardized dif-
ferences between BPD and no BPD preterm sub-
jects became larger, from –0.32 for 17-year-olds
to –1.28 for 25-year-olds born in 1982–85, and
from –0.44 for 10-year-olds to –0.93 for 17-year-
olds born in 1991–92 (42). However, in another
study from survivors of birth weight<1501 g born
in 1977–1982 from a single hospital, the mean
standardized differences between BPD and no

Presurfactant era births

Surfactant era births

Mean SD N
BPD

Mean SD N
No BPD

Gibson (38) 

Northway (35) 
Kitchen (10) 
Doyle (36) 
Doyle (37) 

Hakulinen (10)
Kennedy (41) 
Jacob (10) 
Vollsaeter (42) 
Vollsaeter (42) 
Gross (44) 
Kilbride (45) 
Malmberg (48) 

Subtotal (95% CI)

Korhonen (49) 
Doyle (50) 
Vollsaeter (42) 
Vollsaeter (42) 
Fawke (53) 
Hacking (54) 

1977 – 82 

1964 – 73 
1977 – 82 
1977 – 82 
1977 – 82 

1978 – 85 
1981 – 82 
1981 – 87 
1982 – 85 
1982 – 85 
1983 – 86 
1983 – 89 
1989 – 91 

1990 – 94 
1991 – 92 
1991 – 92 
1991 – 92 
1995 
1997 

24 – 28

18
8
14
18

7 – 11
11
11
17
25
7
11
8

7
8
10
17
11
8

–1.37

74.8
91.4
88.5
81.6

88
78.4
63.6

–1.36
–1.41

83
72

66.1

90
–1.24
–1.36
–1.29

80
–1.19

2.21

14.5
16.2
18.2
18.7

20
17

20.6
0.72
0.41

17
15

13.8

14
1.08
0.67
0.51

13
1.25

–0.47

96.6
102.1
96.7
92.9

93
95.4
85.1

–0.98
–0.55

98
89

91.3

95
–0.78
–0.87
–0.43

90
–0.43

1.3

10.2
15.6
12.6
12.8

30
11.4
10.8
1.28
0.75

18
13

10.6

14
0.91
1.22
1.04

15
1.09

Subtotal (95% CI)

Total (95% CI)

325

24

25
44
39
33

20
26
15
13
12
43
16
15

34
89
13
12

129
56

333

658

740

63

26
126
130
114

11
76
15
35
23
53
34
34

34
151
35
23
53
94

390

1130

–2 –1 0 1
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Study Age (years)Birth years Standardized Mean Difference (95% CI)

Figure 14-11. Standardized mean differences for FEV1 within preterm survivors comparing BPD with no BPD, contrasting births
before and after surfactant was available. Values for individual studies are either percent predicted or Z-scores. Studies are ordered by
year of birth of the participants and are referenced.
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BPD preterm subjects were more stable over a
longer period of time with similar mean differences
at 8 (–0.68) (55), 14 (–0.58) (36), 18 (–0.79) (37),
and 25–28 (–0.56 SD) (38) years of age.

The linear relationships between FEV1 meas-
urements at 7 years of age and those at 21 years of
age were reported to be strong, with 34% of vari-
ance explained, in one cohort of 58 subjects born
<2000 g and <37 weeks gestation (39). In this
study the relationships were not reported separ-
ately for those who did and those who did not have
BPD in the newborn period. In another study of
survivors born<1501 g, the relationships between
FEV1 measurements obtained at 24 to 28 years of
age compared with earlier ages became stronger as
the subjects aged and were even stronger in those
who had BPD in the newborn period compared
with those who did not (38). In this latter study, for
those without BPD, the percent of variance
explained in FEV1 measurements at 24 to 28 years
with those made earlier was 34% at 8 years, 43% at
11 years, 61% at 14 years, and 77% at 18 years. For
those with BPD, the percent of variance explained
in FEV1 measurements at 24 to 28 years with FEV1

measurements collected earlier was 58% at 8 years,
98% at 11 years, 83% at 14 years, and 82% at
18 years (38).

Changes Between Eras Within the Same Region
Several of the studies reported FEV1 results from
similar subjects born within the same region, but
in different eras, with some evidence of change
over time. The first study from Northway
reported differences between BPD and non-BPD
17-old survivors of –0.32 SD for those born in
1982–85, the presurfactant era, compared with –
0.93 SD for those born in 1991–92, the surfactant
era (42). In the other study from survivors
<1000 g birth weight or <28 weeks gestation
born in the state of Victoria at 8 years of age,
the mean standardized differences between BPD
and no BPD preterm subjects were –0.47 for those
born in 1991–92 (50) and –0.66 for those born in
1997 (54). Both of these latter cohorts were born
during the surfactant era.

Other Differences in Lung Function
Between Preterm Survivors and Controls
In addition to changes in the FEV1, there are
several studies that report changes in other vari-
ables consistent with airflow obstruction in the

smaller airways (reduced FEF25–75%) and air
trapping (raised RV/TLC) in very preterm sur-
vivors, especially in those who had BPD
(38,42,53,58,59). In addition to overall reduc-
tions in airflow variables, very preterm survivors
have higher proportions with values in clinically
important ranges; Fawke and colleagues reported
that 32% of the subjects born < 26 weeks gesta-
tional age and 66% of those with BPD had results
that were clinically important (53). Despite
having more abnormal lung function on average
and higher proportions with values in clinically
important ranges, most very preterm survivors
are asymptomatic. However with the expected
decline in lung function with aging from the
midtwenties onward, it is anticipated that dispro-
portionately more preterm survivors than con-
trols will present with symptoms of chronic
obstructive airways disease as they grow older,
particularly those who survived with BPD.

Several studies have shown preterm subjects;
especially those with BPD have reduced diffusion
capacity within their lungs from infancy (20)
through childhood (49,57,60,61) and young adult-
hood (43). There is evidence that preterm subjects
have increased airway reactivity compared to con-
trols, in addition to obstruction. In these studies
preterm subjects showed increased bronchocon-
striction when exposed to methacholine and his-
tamine airway challenges and increased
bronchodilator response, especially in those with
BPD (39,53,62,63). Airflow impairment seen in
preterm cohorts may be associated with this
increased airway reactivity.

Impaired diffusion and air trapping within the
lungs also occur more frequently in preterm
survivors compared with controls, and the
impairment continues into early adulthood.
Northway et al. reported increased airway resist-
ance, increased air trapping, and reduced ventila-
tion efficiency in a preterm cohort with BPD at 18
years of age compared with controls (35). Vrij-
landt et al. demonstrated persistent airflow
obstruction, air trapping, and reduced lung diffu-
sion in 19-year-old preterm survivors (43).

Conclusions and Future Directions
In this chapter we have described several lung
function tests that may be used for the physiologic
assessment of lung growth and development
throughout infancy and childhood. In 2013 the
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ATS published a workshop report that addresses
the optimal lung function tests for monitoring
cystic fibrosis, BPD, and recurrent wheezing in
children less than 6 years of age and reviews
recent studies where infant and preschool lung
function has been applied in these specific
respiratory disorders (2). Normal reference
ranges for older subjects, including into adult-
hood, have also been reported (31). When inter-
preting physiologic measures of lung growth and
development throughout infancy and childhood,
it is important to be aware of the influence of
growth and maturity, the influence of demo-
graphic factors, such as sex and ethnicity, the
normal intra- and interindividual variability of
the measurements at each age, and the diagnostic
value of each of the variables for each test (3).

Very preterm or very low-birth-weight sur-
vivors, particularly those who had BPD in the

newborn period, have more lung function abnor-
malities, particularly airway obstruction, than do
term-born survivors and are at high-risk of adult
obstructive lung disease with aging. More studies
are needed to determine whether early studies of
lung imaging and pulmonary function tests can
better identify infants who are at risk for poor
respiratory outcomes throughout the life span.
Further development of noninvasive methods to
assess lung growth throughout the life cycle will
provide greater opportunities to develop insights
into factors that adversely or favorably modulate
long-term respiratory outcomes. These physio-
logical measurements need to be performed in
parallel with the new noninvasive imaging tech-
niques to better understand lung growth and
function during childhood.

References
1 Baldwin DN, Pillow JJ, Stocks J,

Frey U. Lung-function tests in
neonates and infants with
chronic lung disease: tidal
breathing and respiratory
control. Pediatr Pulmonol.
2006;41:391–419.

2 Rosenfeld M, Allen J, Arets BH,
et al. An official American
Thoracic Society workshop
report: optimal lung function
tests for monitoring cystic
fibrosis, bronchopulmonary
dysplasia, and recurrent
wheezing in children less than
6 years of age. Ann Am Thorac
Soc. 2013;10:S1–S11.

3 Bates JH, Schmalisch G,
Filbrun D, Stocks J. Tidal
breath analysis for infant
pulmonary function testing.
ERS/ATS Task Force on
Standards for Infant
Respiratory Function Testing.
European Respiratory Society/
American Thoracic Society.
Eur Respir J. 2000;16:1180–
1192.

4 Hammer J, Eber E. Paediatric
Pulmonary Function Testing.
Progress in Respiratory
Research. Bolliger CT, ed. Basel,
Switzerland: Karger; 2005.

5 American Thoracic S,
European Respiratory S.
ATS/ERS statement: raised
volume forced expirations in
infants: guidelines for
current practice. Am J Respir
Crit Care Med.
2005;172:1463–1471.

6 West JB. Respiratory Physiology:
The Essentials. 9th ed.
Philadelphia: Wolters Kluwer
Health/Lippincott Williams &
Wilkins; 2012.

7 Stocks J, Godfrey S,
Beardsmore C, Bar-Yishay E,
Castile R; ERS ATS Task Force
on Standards for Infant
Respiratory Function Testing.
European Respiratory Society/
American Thoracic Society.
Plethysmographic
measurements of lung volume
and airway resistance. Eur
Respir J. 2001;17:302–312.

8 Robinson PD, Latzin P,
Gustafsson PM. Multiple-
breath washout. Sheffield, UK:
European Respiratory Society
Journals Ltd; 2010.

9 Paiva M, Engel LA. Theoretical
studies of gas mixing and
ventilation distribution in
the lung. Physiol Rev.
1987;67:750–796.

10 Paiva M, Engel LA. The
anatomical basis for the sloping
N2 plateau. Respir Physiol.
1981;44:325–337.

11 Thompson BR, Douglass JA,
Ellis MJ, et al. Peripheral lung
function in patients with stable
and unstable asthma. J Allergy
Clin Immunol. 2013;131:1322–
1328.

12 Hasegawa M, Nasuhara Y,
Onodera Y, et al. Airflow
limitation and airway
dimensions in chronic
obstructive pulmonary disease.
Am J Respir Crit Care Med.
2006;173:1309–1315.

13 Corsico A, Milanese M,
Baraldo S, et al. Small airway
morphology and lung function
in the transition from
normality to chronic airway
obstruction. J App Physiol.
2003;95:441–447.

14 Hansen JE, Sun XG,
Wasserman K. Discriminating
measures and normal values
for expiratory obstruction.
Chest. 2006;129:369–377.

15 Verbanck S, Paiva M,
Schuermans D, Hanon S,
Vincken W, Van Muylem A.
Relationships between the lung
clearance index and conductive

266

Fetal and Neonatal Lung Development



and acinar ventilation
heterogeneity. J App Physiol.
2012;112:782–790.

16 Verbanck S, Thompson BR,
Schuermans D, et al.
Ventilation heterogeneity in
the acinar and conductive
zones of the normal ageing
lung. Thorax. 2012;67:789–
795.

17 Robinson PD, Latzin P,
Verbanck S, et al. Consensus
statement for inert gas washout
measurement using multiple-
and single-breath tests. Eur
Respir J. 2013;41:507–522.

18 Macintyre N, Crapo RO, Viegi
G, et al. Standardisation of the
single-breath determination of
carbon monoxide uptake in the
lung. Eur Respir J. 2005;26:720–
735.

19 Crapo RO, Forster RE II.
Carbon monoxide diffusing
capacity. Clin Chest Med.
1989;10:187–198.

20 Balinotti JE, Chakr VC, Tiller
C, et al. Growth of lung
parenchyma in infants and
toddlers with chronic lung
disease of infancy. Am J Respir
Crit Care Med. 2010;181:
1093–1097.

21 Hislop AA. Airway and blood
vessel interaction during lung
development. J Anatomy.
2002;201:325–334.

22 Carlsen KC, Haland G, Carlsen
KH. Natural history of lung
function in health and diseases.
Curr Opin Allergy Clin
Immunol. 2009;9:146–150.

23 Loeb JS, Blower WC, Feldstein
JF, Koch BA, Munlin AL,
Hardie WD. Acceptability and
repeatability of spirometry in
children using updated ATS/
ERS criteria. Pediatr Pulmonol.
2008;43:1020–1024.

24 Piatti G, Fasano V, Cantarella
G, Tarantola C. Body
plethysmographic study of
specific airway resistance in a
sample of healthy adults.
Respirology. 2012;17:976–983.

25 Miller MR, Hankinson J,
Brusasco V, et al.
Standardisation of spirometry.
Eur Respir J. 2005;26:319–338.

26 Nielsen KG, Bisgaard H.
Discriminative capacity of
bronchodilator response
measured with three different
lung function techniques
in asthmatic and healthy
children aged 2 to 5 years.
Am J Respir Crit Care Med.
2001;164:554–559.

27 Pellegrino R, Viegi G, Brusasco
V, et al. Interpretative strategies
for lung function tests. Eur
Respir J. 2005;26:948–968.

28 Miller A. Lung function testing:
selection of reference values
and interpretative strategies.
Am Rev Respir Dis.
1992;146:1368–1369.

29 Beydon N, Davis SD, Lombardi
E, et al. An official American
Thoracic Society/European
Respiratory Society statement:
pulmonary function testing in
preschool children. Am
J Respir Crit Care Med.
2007;175:1304–1345.

30 Lum S, Stocks J, Stanojevic S,
et al. Age and height
dependence of lung clearance
index and functional residual
capacity. Eur Respir J.
2013;41:1371–1377.

31 Quanjer PH, Stanojevic S, Cole
TJ, et al. Multi-ethnic reference
values for spirometry for the
3–95-yr age range: the global
lung function 2012 equations.
Eur Respir J. 2012;40:1324–
1343.

32 Talmaciu I, Ren CL, Kolb SM,
Hickey E, Panitch HB.
Pulmonary function in
technology-dependent children
2 years and older
with bronchopulmonary
dysplasia. Pediatr Pulmonol.
2002;33:181–188.

33 Kairamkonda VR, Richardson
J, Subhedar N, Bridge PD,
Shaw NJ. Lung function
measurement in prematurely
born preschool children with

and without chronic lung
disease. J Perinatol.
2008;28:199–204.

34 Vrijlandt EJ, Boezen HM,
Gerritsen J, Stremmelaar EF,
Duiverman EJ. Respiratory
health in prematurely born
preschool children with and
without bronchopulmonary
dysplasia. J Pediatr.
2007;150:256–261.

35 Northway WH Jr, Moss RB,
Carlisle KB, et al. Late
pulmonary sequelae of
bronchopulmonary dysplasia.
N Engl J Med. 1990;323:1793–
1799.

36 Doyle LW, Cheung MM, Ford
GW, Olinsky A, Davis NM,
Callanan C. Birth weight
<1501 g and respiratory health
at age 14. Arch Dis Child.
2001;84:40–44.

37 Doyle LW, Faber B, Callanan
C, Freezer N, Ford GW, Davis
NM. Bronchopulmonary
dysplasia in very low birth
weight subjects and lung
function in late adolescence.
Pediatrics. 2006;118:108–113.

38 Gibson AM, Reddington C,
McBride L, Callanan C,
Robertson C, Doyle LW. Lung
function in adult survivors of
very low birth weight, with and
without bronchopulmonary
dysplasia. Pediatr Pulmonol.
2015,50:987–994.

39 Narang I, Rosenthal M,
Cremonesini D, Silverman M,
Bush A. Longitudinal
evaluation of airway function
21 years after preterm birth.
Am J Respir Crit Care Med.
2008;178:74–80.

40 Anand D, Stevenson CJ, West
CR, Pharoah PO. Lung
function and respiratory health
in adolescents of very low birth
weight. Arch Dis Child.
2003;88:135–138.

41 Kennedy JD, Edward LJ, Bates
DJ, et al. Effects of birthweight
and oxygen supplementation
on lung function in late
childhood in children of very

267

Physiologic Assessment of Lung Growth and Development Throughout Infancy and Childhood



low birth weight. Pediatr
Pulmonol. 2000;30:32–40.

42 Vollsaeter M, Roksund OD,
Eide GE, Markestad T,
Halvorsen T. Lung function
after preterm birth:
development from mid-
childhood to adulthood.
Thorax. 2013;68:767–776.

43 Vrijlandt EJ, Gerritsen J,
Boezen HM, Grevink RG,
Duiverman EJ. Lung function
and exercise capacity in young
adults born prematurely. Am
J Respir Crit Care Med.
2006;173:890–896.

44 Gross SJ, Iannuzzi DM,
Kveselis DA, Anbar RD. Effect
of preterm birth on pulmonary
function at school age: a
prospective controlled study.
J Pediatr. 1998;133:188–192.

45 Kilbride HW, Gelatt MC,
Sabath RJ. Pulmonary function
and exercise capacity for ELBW
survivors in preadolescence:
effect of neonatal chronic lung
disease. J Pediatr.
2003;143:488–493.

46 Evensen KA, Steinshamn S,
Tjonna AE, et al. Effects of
preterm birth and fetal growth
retardation on cardiovascular
risk factors in young
adulthood. Early Hum Dev.
2009;85:239–245.

47 Siltanen M, Savilahti E,
Pohjavuori M, Kajosaari M.
Respiratory symptoms and
lung function in relation to
atopy in children born preterm.
Pediatr Pulmonol. 2004;37:
43–49.

48 Malmberg LP, Mieskonen S,
Pelkonen A, Kari A, Sovijarvi
AR, Turpeinen M. Lung
function measured by the
oscillometric method in
prematurely born children with
chronic lung disease. Eur Respir
J. 2000;16:598–603.

49 Korhonen P, Laitinen J,
Hyodynmaa E, Tammela O.
Respiratory outcome in school-
aged, very-low-birth-weight
children in the surfactant era.
Acta Paediatr. 2004;93:316–
321.

50 Doyle LW; the Victorian Infant
Collaborative Study Group.
Respiratory function at age 8–9
years in extremely low
birthweight/very preterm
children born in Victoria in
1991–92. Pediatr Pulmonol.
2006;41:570–576.

51 Smith LJ, van Asperen PP,
McKay KO, Selvadurai H,
Fitzgerald DA. Reduced
exercise capacity in children
born very preterm. Pediatrics.
2008;122:e287–293.

52 Danks M, Burns YR, Gibbons
K, et al. Fitness limitations in
non-disabled extremely low
birthweight adolescents.
J Paediatr Child Health.
2013;49:548–553.

53 Fawke J, Lum S, Kirkby J, et al.
Lung function and respiratory
symptoms at 11 years in
children born extremely
preterm: the EPICure study.
Am J Respir Crit Care Med.
2010;182:237–245.

54 Hacking DF, Gibson AM,
Robertson C, Doyle LW.
Respiratory function at age 8–9
after extremely low birthweight
or preterm birth in Victoria in
1997. Pediatr Pulmonol.
2013;48:449–455.

55 Kitchen WH, Olinsky A, Doyle
LW, et al. Respiratory health
and lung function in 8-year-old
children of very low birth
weight: a cohort study.
Pediatrics. 1992;89:1151–1158.

56 Hakulinen AL, Heinonen K,
Lansimies E, Kiekara O.
Pulmonary function and
respiratory morbidity in

school-age children born
prematurely and ventilated for
neonatal respiratory
insufficiency.
Pediatr Pulmonol.
1990;8:226–232.

57 Jacob SV, Coates AL, Lands
LC, et al. Long-term
pulmonary sequelae of severe
bronchopulmonary dysplasia.
J Pediatr. 1998;133:193–200.

58 Gough A, Linden M, Spence D,
Patterson CC, Halliday HL,
McGarvey LP. Impaired lung
function and health status in
adult survivors of
bronchopulmonary dysplasia.
Eur Resp J. 2014;43:808–816.

59 Cazzato S, Ridolfi L, Bernardi
F, Faldella G, Bertelli L. Lung
function outcome at school
age in very low birth weight
children. Pediatr Pulmonol.
2013;48:830–837.

60 Mitchell SH, Teague WG.
Reduced gas transfer at rest and
during exercise in school-age
survivors of
bronchopulmonary dysplasia.
Am J Respir Crit Care Med.
1998;157:1406–1412.

61 Hakulinen AL, Jarvenpaa AL,
Turpeinen M, Sovijarvi A.
Diffusing capacity of the lung
in school-aged children born
very preterm, with and
without bronchopulmonary
dysplasia. Pediatr Pulmonol.
1996;21:353–360.

62 Halvorsen T, Skadberg BT,
Eide GE, Roksund OD, Carlsen
KH, Bakke P. Pulmonary
outcome in adolescents of
extreme preterm birth: a
regional cohort study. Acta
Paediatr. 2004;93:1294–1300.

63 Pianosi PT, Fisk M. High
frequency ventilation trial.
Nine year follow up of lung
function. Early Hum Dev.
2000;57:225–234.

268

Fetal and Neonatal Lung Development



Chapter

15
Perinatal Disruptions of Lung
Development:
Mechanisms and Implications for Chronic
Lung Diseases
Michael A. O’Reilly

Abstract
The lung evolved to efficiently exchange oxygen and carbon dioxide between the external
environment and circulating blood. Because it is an open conduit to the environment, the lung
must also maintain tight barrier function, defend against inhaled toxins, and have tremendous
repair capacity when injured. Creating, maintaining, and repairing the remarkably complex
structure of the lung is controlled by genes that regulate cell autonomous functions and cell–
cell interactions. However, many studies have now shown how perinatal environmental
factors can also permanently modify lung development, thereby influencing long-term lung
function and respiratory health. Environmental factors include oxygen at birth, nutrition and
intrauterine growth restriction, prenatal and postnatal infections, ionizing radiation, ozone,
tobacco smoke, and chemical toxins such as bisphenol A. Although perinatal influences are
often considered detrimental to long-term respiratory health, how the lung responds to
different levels of oxygen at birth suggests that its response to other influences may represent
developmental changes in an organ evolutionarily designed to functionally adapt to its
environment. Improving respiratory health as people age may therefore require a better
understanding of how the perinatal environment plays a role in generating biologic fit and
novelty.

Keywords:
Adaptation, birth, developmental plasticity, evolution, gene–environment interactions,
oxygen

Introduction
The lung evolved in mammals, birds, reptiles,
amphibians, and some fish to allow greater aer-
obic abilities to sustain increased metabolic activ-
ity. Airflow moves unidirectionally in alligators
and birds and bidirectionally in mammals and
most vertebrates (1). One-way flow may be
advantageous to creatures under high strenuous
activity, such as birds flying at high altitude or
alligators diving under water because it ensures
that the lung is uniformly oxygenated under con-
ditions where the partial pressures of oxygen are
low (2). Although differences in the number and
symmetry of lobes exist in mammals and between
species, the position of the lung along the foregut
is essentially conserved among all species. It is
located ventral to the esophagus and between the
thyroid and stomach. The bird and alligator lung

contains two lobes with tubular parabronchi,
while the amphibian lung is a pair of two thin-
walled sacs containing inner partitions that
increase the surface area for absorbing oxygen.
In contrast, mammalian lungs are asymmetrically
organized, such that the human and rat lung
contain three right and two left lobes, whereas
the mouse lung has four right and one left lobe.
Airway caliper gradually decreases as airways
lengthen and branch until the airways terminate
in saccular-alveolar units designed to efficiently
exchange oxidant gases between a thin squamous
epithelial surface and an underlying capillary
network.

Mammalian lung development is typically
subdivided into five stages beginning with the
embryonic, followed by the pseudoglandular,
canalicular, saccular, and alveolar stages (3). The
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first four stages occur prenatally, while the last
alveolar stage begins prenatally and continues
postnatally for ten to fourteen days in mice and
two to three years or more in humans. Lung
development begins as an outgrowth of the
embryonic foregut endoderm in humans around
twenty-two days and in mice around embryonic
(e) 9.5 days following fertilization. In humans,
the lung undergoes twenty-three airway gener-
ations and when mature produces approximately
54,000 branches and 300 million alveoli (4,5).
The mouse lung contains approximately 5,000
branches that terminate in approximately 2 mil-
lion alveoli (6,7).

The primitive endoderm specifies the respira-
tory epithelium, while the mesoderm specifies all
other cell types, including cartilaginous rings of
the trachea, airway and vascular smooth muscle,
vascular endothelium, mesothelium, pericytes,
fibroblasts, and lipofibroblasts. Complex cell–cell
interactions between the endoderm and the meso-
derm are required for both initiating lung bud
formation and progression through each stage
[for review, see (8,9)]. Reciprocal transplantation
of embryonic mouse bronchial mesoderm with
distal bud endoderm stimulates branching mor-
phogenesis, while bronchial endoderm stimulates
lung bud formation (10). Heterologous trans-
plantation studies suggest mesoderm influences
branching morphogenesis but not the differenti-
ation state of the alveolar epithelium (11). On the
other hand, distal bud mesoderm can induce
alveolar epithelial cell differentiation in tracheal
bud epithelium (12). Recent three-dimensional
imaging studies using cell-restricted fluorescently
labeled reporter mice suggest that the developing

respiratory epithelium undergoes two nested
waves of development (13). The first wave occurs
throughout lung development and defines the
airway and alveolus. A second wave that follows
and terminates before birth defines the proximal
airway and the bronchoalveolar junction (BADJ).

Each of the five distinct anatomical phases of
lung development requires the orderly expression
of genes that specify cell-specific phenotypes and
cell–cell interactions. Interference during the early
stages (embryonic, pseudoglandular, canalicular)
of lung development are likely to be perinatal
lethal because they will severely compromise lung
development and hence the ability to efficiently
exchange oxygen at birth. Interference during
later stages (saccular, alveolar) is more likely to
affect the ability to exchange oxidant gases,
defend against inhaled pollutants, and general
respiratory health later in life (Figure 15-1).
Indeed, numerous review articles have been writ-
ten on how maternal and newborn exposures to
oxygen, ozone, infection, tobacco smoke, and
nutritional status can profoundly and perman-
ently influence lung development and respiratory
health later in life (14–21). Early-life influences
have been associated with increased airway hyper-
activity, reduced lung function, and greater
respiratory morbidity following inhaled pollu-
tants or infections later in life. Consistent with
the developmental window in which these expos-
ures take place, perinatal influences often disrupt
bronchoalveolar development as defined by
changes in the number and size of distal airways
and alveoli. A healthy functioning lung is there-
fore a product of perinatal interactions between
cells and genes specifying the general structure of

Adult Response

Efficient Oxygenation
Effective Host Defense

Successful Regeneration

Reduced Oxygenation
Impaired Host Defense
Abnormal Regeneration

Figure 15-1. The perinatal environment influences saccular and alveolar lung development. Mammalian lung development
proceeds through five stages that culminate in the formation of a dichotomously branched organ with many uniformly sized alveoli.
Perinatal influences (blue arrows) alter bronchoalveolar development, often resulting in shorter, muscularized airways that terminate
in heterogeneously sized alveoli. Such changes perturb efficiency of gas exchange, ability to defend against inhaled toxins and
microorganisms, and regeneration of injured regions of the adult lung.
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the lung (Figure 15-2). Rather than writing
another review on the subject, we have chosen to
examine how the oxygen environment at birth
influences postnatal lung development. Using
the influence of the oxygen environment at birth
as an example, we then postulate how other peri-
natal exposures influence cellular plasticity
designed to promote evolutionary fit and novelty.
Perinatal influences that cause respiratory mor-
bidity may therefore represent a maladaptive or
failed response of the lung seeking to adapt to its
environment. Framing perinatal influences as
evolutionary adaptation rather than a toxic or
stochastic process offers a new way to look at
age-related lung diseases whose origins began
early in life. Doing so may provide new oppor-
tunities for research and development of therapies
designed to treat chronic lung disease.

Perinatal Influences on Lung
Development
Unlike organs such as the heart and brain, the
lung is unique in that it is not required for fetal
development or survival until birth, when it is
called on to replace the placenta’s role in gas
exchange. But unlike the placenta that is pro-
tected within the mother, the lung is exposed to
the external environment. The newborn lung
must therefore defend itself and other internal
organs against inhaled toxins and pathogens. It
does so using anatomical and physiological bar-
riers, innate and adaptive immunity, antioxidant

defenses, and a high repair/regenerative capacity
(22–24). Anatomical and physiological barriers
serve to physically impede entry and enhance
removal of harmful agents from the lung. This
includes airway constriction, mucociliary clear-
ance, and cough. Innate and adaptive immunity
act when the anatomical and physiological bar-
riers fail. Innate defenses are an ancestral form of
host defense that uses a limited set of cell surface
receptors, including Toll receptors and comple-
ment, to detect invading pathogens. Adaptive
immunity uses an abundant and diverse set of
randomly generated receptors, such as immuno-
globulins to detect pathogens and activate cell-
mediated killing of infected or damaged cells.
Antioxidant defenses mature during the last
15% of lung development and are thought to
protect the lung from oxidative damage formed
as it transitions out of a low hypoxic in utero
environment to air at birth (24). The ability to
properly regenerate injured cells and restore
normal lung function is perhaps the final level
of protection. Accordingly, the same environ-
mental exposures during critical developmental
windows may affect proliferation, differentiation,
and survival of progenitor/stem cells, thereby
altering the balance of cells used to build the
lung (Figure 15-3). Successful transition to air
at birth therefore requires that the newborn lung
is capable of exchanging oxidant gases, defending
against oxidative stress and inhaled microbes,
and repairing cell injury or regenerating tissue
when damaged.

Oxygen
Ozone
Infection
Tobacco Smoke 
Growth/Diet
Radiation
Bisphenol A 

Epithelial, Vascular 
Fibroblasts, Leukocytes 

Stem Cells 

Transcription Factors
Matrix Molecules

Metabolism
Epigenetic

Figure 15-2. Gene–environment
interactions on specific types of cells
contribute to lung development.
Representative types of genes,
environmental influences, and specific
cells that work coordinately to create
the lung discussed in this chapter are
depicted.
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Oxygen Environment at birth
The transition to breathing oxygen is perhaps
one of the most profound environmental
changes one will ever experience. At term, the
human fetal lung is bathed in amniotic fluid with
a pO2 of about 11 mm Hg or less than 1%
oxygen (25). Focal hypoxia created by the lower
oxygen levels in amniotic fluid relative to arterial
levels may stimulate hypoxic signaling of
hypoxia-inducible factor (HIF) and vascular
endothelial growth factor (VEGF) necessary for
promoting vascular growth and lung develop-
ment (26). Indeed, expression of the transcrip-
tion factor hypoxia inducible factor (HIF)-1α,
HIF-1β, or HIF-2 are required for proper matur-
ation of surfactant production and ability to sur-
vive at birth (27,28). Hydroxylation of prolines
on HIF by HIF-dependent prolyl hydroxylases
stimulates HIF degradation. Inhibition of HIF
prolyl hydroxylases in preterm baboons increases
HIF expression and improves lung growth and
function (29, 30). Birth rapidly creates a hyper-
oxic environment in the airspace that may influ-
ence lung development by terminating HIF

signaling. Maturational expression of antioxidant
enzymes supports the idea that birth is an oxi-
dizing event that requires protection against
reactive oxygen species (ROS) produced during
the transition to air (31). Although this implies
the oxygen environment at birth is toxic, it may
also serve to regulate normal postnatal lung
growth. However, there are few studies suggest-
ing that ambient levels of oxygen affect lung
development. Perhaps the best example that birth
may influence genes controlling postnatal
lung development comes from a study showing
how expression of the transcription factor Klf4
increases in mice two hours after birth (32). Mice
lacking Klf4 display excessive proliferation and
apoptosis in the respiratory epithelium and loss
of α-smooth muscle actin in septal tips. This
implies that the elevated expression of Klf4 at
birth is required for the proper transition to
air. Another example comes for a recent paper
showing how oxygen-induced DNA damage sig-
naling may influence proliferation of cardiomyo-
cytes in the newborn mouse (33). Whether this is
directly related to the oxygen environment in the
lung or some form of oxidative stress created in

(A) Native (B) Expansion

(E) Senescence (F) Apoptosis 

(C) Differentiation  (D) Growth Delay

Figure 15-3. Hypothetical model of
how perinatal stress might influence
the balance of cells in a tissue.
(A) A putative stem cell (green) divides
asymmetrically to produce itself and a
committed daughter cell (blue) that
subsequently divides symmetrically or
differentiates into a mature cell
(purple). Perinatal stresses may alter
the balance of cells in a tissue by
(B) stimulating expansion of
differentiated cells (green arrow),
(C) stimulating differentiation of a
committed cell (yellow arrow), (D)
transiently inhibiting proliferation
(red slashed circle), (E) activating
senescence programs that terminate
cellular expansion, or (F) inducing cell
death (red X).
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the heart as the pAO2 changes remains to be
determined.

Although it remains unclear whether the tran-
sition to air regulates proper lung development,
excessive levels clearly disrupt lung development.
Excess levels are often given to preterm infants
whose lungs are not adequately prepared to
breathe air. Such infants often also have immature
antioxidant defense that make them hypersensitive
to oxygen-induced injury (34–36). Prolonged
oxygen exposure can contribute to bronchopul-
monary dysplasia (BPD), a chronic form of lung
disease characterized by restrictive airways,
inflammation, mild fibrosis, and reduced angio-
genesis, increased elastogenesis, and alveolar sim-
plification (34,37). Treatment strategies are
generally supportive and designed to enhance
oxygen delivery, improve monitoring of oxygen
saturations, minimize tissue injury, and stimulate
lung growth (for review see (38)). This includes the
use of exogenous surfactant, milder ventilation
strategies, inhaled nitric oxide, and retinoic acid.
Such treatments have reduced infant mortality as
well as increase survival of preterm infants born as
young as twenty-three to twenty-four weeks gesta-
tion. However, these advances have changed the
pathology of BPD from a scarring disease seen
radiographically to one that requires continuous
ventilation and supplemental oxygen treatment.
This new BPD appears to be a form of disrupted
lung development and impaired lung function that
can be recapitulated in newborn animals exposed
to high oxygen. Hence, there has been an increas-
ing interest in understanding how oxygen influ-
ences lung development with a focus on the
potential use of antioxidants and anti-
inflammatory agents as therapeutic agents
(24,39). But, recombinant human CuZn superox-
ide dismutase delivered intratracheally to very low-
birth-weight preterm infants did not influence the
incidence of BPD (40,41). It did, however, improve
respiratory health at one year of corrected age and
the incidence of retinopathy in preterm infants
born at extremely low gestational age. It also
improved oxygenation and development of the
pulmonary vasculature in a preterm sheep model
of prematurity (42). Unfortunately, additional
studies testing the efficacy of antioxidant strategies
have not gone forward, perhaps because there is
some concern that antioxidants may adversely
influence signaling pathways required for develop-
ment of other organs such as brain.

Inflammation created by oxygen damage to
the lung or by maternal and newborn infections
may also contribute to BPD. But, a study in fetal
sheep infected with Ureaplasma parvum, a
common microorganism found in women with
chorioamnionitis, showed that the inflammatory
response to infection alone did not disrupt lung
airspace or vascular development (43). On the
other hand, maternal exposure of mice to lipopo-
lysaccharide (LPS) and neonatal hyperoxia dis-
rupts cardiac structure and function to the
extent that it causes cardiac failure in adults
(44). These studies suggest inflammation alone
may not be sufficient to promote BPD. Inflam-
mation may enhance oxygen-dependent changes
in lung development and hence the pathogenesis
of BPD. So, although there has been great interest
in the role of oxidants and inflammation to medi-
ate high oxygen-dependent changes in lung devel-
opment, current antioxidant and anti-
inflammatory strategies have yet to prove effect-
ive. Perhaps a combination therapy is needed.

Despite reduced mortality of preterm infants,
survivors develop persistent pulmonary disease
(PPD) later in life, and antioxidant therapy can
improve some of these adverse outcomes. Chil-
dren born preterm often display reduced lung
function, are often rehospitalized following
respiratory viral infections, and have increased
risk for developing asthma (45–49). There is also
a growing concern that premature infants will
have neurodevelopmental delay and may be at
risk for high blood pressure and heart disease as
adults (50,51). These observations suggest that
many infants born prematurely will require costly
lifelong health care. Indeed, according to the
National Heart Lung and Blood Institute
(NHLBI) web site (http://www.nhlbi.nih.gov/
new/press/06–07-26.htm), the annual costs of
treating children born prematurely in 2005 were
$26.2 billion dollars, of which 10% was just for
treating infants with BPD. The high cost of
treating prematurity is second to the treatment
of asthma and far exceeds costs of treating cystic
fibrosis. Hence, there is an urgent need to better
understand how prematurity, and more specific-
ally, how early-life exposure to oxygen, behaves as
an environmental risk factor for promoting dis-
ease later in life (52).

A number of clinical trials have attempted to
define an acceptable level of oxygen use in pre-
term infants that minimizes harm. Early clinical

273

Perinatal Disruptions of Lung Development: Mechanisms and Implications for Chronic Lung Diseases



trials showed an increase in the incidence of reti-
nopathy of prematurity (ROP) with the unre-
stricted use of oxygen (53). However, the
Supplemental Therapeutic Oxygen for Pre-
threshold Retinopathy of Prematurity (STOP-
ROP) trial found high oxygen saturation levels
did not increase the severity of ROP in those
infants with prethreshold ROP (54). Subse-
quently, the Benefits of Oxygen Saturation
Targeting (BOOST) trial showed how a higher
oxygen-saturation range prolonged oxygen
dependence (55). These and other studies identi-
fied the need to know whether the incidence of
ROP was less in infants treated with a lower
oxygen saturation target. The Surfactant, Positive
Pressure, and Pulse Oximetry Randomized Trial
(SUPPORT) compared the incidence of ROP in
1300 infants born between twenty-four and
twenty-eight weeks gestation who were treated
with the use of a low (85–89%) or high
(91–95%) oxygen saturation target (56). While
infants treated with a low oxygen saturation
target had reduced ROP, mortality was increased
when compared to infants treated with a high
oxygen saturation target. Similar findings were
recently reported in the BOOST II trial, which
enrolled 2,400 infants at fifty-four hospitals in the
United Kingdom, Australia, and New Zealand
(57). While none of these clinical trials estab-
lished an acceptable level of oxygen use in pre-
term infants, they collectively suggest preterm
infants should be treated with oxygen saturations
in the 90–95% range despite the increased risk for
developing ROP. An alternative approach has
been to define oxygen exposure as a cumulative
dose over the first three days of life (58). Infants
whose cumulative oxygen exposure was in the
highest quartile were two to three times more
likely to experience symptomatic airway dysfunc-
tion than infants in the lowest quartile. This
implies the environmental load of inhaled oxygen
is sufficient to predict risk of oxygen-related
respiratory morbidity.

Because we recently wrote a review on animal
models of oxygen-induced BPD (16), we will
briefly summarize some of the main points on
how high oxygen exposure at birth influences
lung development in animal models. High oxygen
exposure in newborn rodents promotes alveolar
simplification and abnormal vascular develop-
ment (59,60). Failure to produce vessels has been
attributed to the oxygen-dependent loss of VEGF

(61–63). Inhibiting VEGF signaling disrupts post-
natal alveolar development (64–66), while over-
expression of VEGF can partially protect the
developing rat lung exposed to neonatal hyper-
oxia (67,68). In addition, neonatal hyperoxia sup-
presses the number of circulating endothelial cell
precursors detected in blood and lung (69) and
when restored can attenuate murine models of
BPD (70,71). These changes may contribute to
pulmonary hypertension and cardiovascular dis-
ease observed in human adolescents born preterm
(72) and in adult rodents exposed to hyperoxia as
neonates (73,74).

The effect of hyperoxia on the respiratory
epithelium is equally complex. Alveolar epithelial
type II cells express VEGF. Hyperoxia may dir-
ectly inhibit expression of VEGF and indirectly by
affecting the expansion of type II cells (59,75,76).
Exposure of newborn rodents to hyperoxia for
several days inhibits proliferation of type II cells
(75). Growth arrest may be mediated by cell cycle
checkpoints activated in response to oxidative
DNA damage (77). The observation that overex-
pression of extracellular superoxide dismutase in
type II cells attenuates oxygen-dependent changes
in newborn lung development and DNA strand
breaks supports this idea (78,79). Additional
DNA damage may occur when leukocytes are
recruited to the injured lung (80). Cell cycle
checkpoints are thought to prevent replication of
damaged DNA and also allow time for repair to
take place. As seen in adult mice lacking the cell
cycle inhibitor p21 (cdkn1), cell cycle arrest may
limit the extent of oxidative stress and damage
created by early-life oxygen exposure (81). On
the other hand, we recently showed how short-
term hyperoxia stimulates expansion of type II
cells in newborn mice, which are subsequently
growth arrested with continued exposure (82).
Hyperplasia of type II cells has also been observed
in a preterm baboon model of BPD and in adult
rats exposed to sublethal doses of oxygen (4, 27).
Although the relevance to lung disease remains to
be determined, excessively expanded type II cells
produced during neonatal hyperoxia are slowly
pruned or depleted over several weeks when mice
are returned to room air (82). Because type II cells
produce surfactant necessary for reducing alveo-
lar surface tension, express innate immune and
other inflammatory genes, and function as transi-
ent amplifying precursors for type I cells, their
depletion in adult mice exposed to neonatal
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hyperoxia may contribute to the altered lung
function and host response to respiratory viral
infection observed later in life (83,84).

Although early-life high oxygen exposure
clearly perturbs normal lung development, sadly,
a codified model of oxygen exposure in animal
models has yet to be defined or accepted by the
research community. This makes it difficult to
compare outcomes between investigators who
have used different doses and durations of hyper-
oxia on different developmental windows (16).
Sex and strain of the animal can also influence
how the lung responds to hyperoxia (85,86). We
have taken two approaches to address this issue.
First, preterm human infants are often born and
exposed to excess oxygen during the saccular
stage of lung. They typically go home breathing
room air. Because the saccular stage of lung devel-
opment in mice is between e17.5 and pnd 4, we
have exposed mice to hyperoxia between birth
and pnd4. The oxygen-exposed mice are then
returned to room air so that we can study the
long-term effects of oxygen exposure during the
saccular phase of lung development. We found
that exposure to 100% oxygen alters the balance
of alveolar epithelial type I and II cells, promotes
alveolar simplification, and alters the host
response to influenza A virus infection (87).
Exposure to 60% oxygen for four days altered
lung development but not the host response to
infection. Second, by exposing newborn mice
to different levels of oxygen that produced the
same cumulative dose, we were able to confirm
the idea that quantifying neonatal cumulative
excess oxygen can predict risk for respiratory
morbidity later in life (88). Quantifying oxygen
exposure as cumulative dose over different
developmental windows may therefore help
interpret findings from other studies that used
different doses and durations of exposure. For
example, adult mice or rats exposed to 100%
oxygen as neonates develop cardiovascular dis-
ease (73,74). Perhaps the cumulative oxygen
model can predict risk for high blood pressure
such as seen in adolescent humans who were
born preterm (72).

While preterm infants are often exposed to
high oxygen at birth, people born at high altitude
are born into low partial pressures of oxygen or
hypoxia. It has been known for several decades
that high altitude native Tibetans have a
depressed response to hypoxia when at sea level

(89). Whereas hypoxia stimulates erythropoietin
and hemoglobin concentrations, natives born at
high altitude develop larger lungs with increased
functional capacity that is better suited for
breathing lower partial pressures of oxygen (90).
Hypoxia-induced lung growth is not seen after the
age of ten, suggesting that the low oxygen-
environment at birth affects postnatal lung devel-
opment. Lower levels of hemoglobin have also
been reported in high-altitude Tibetans and Boliv-
ian Aymara people (91). Although lower levels of
hemoglobin may seem counterproductive under
high altitude conditions, it may be protective
because elevated hemoglobin concentrations typ-
ically observed in hikers at high altitude are asso-
ciated with mountain sickness and cardiovascular
disease. In 2010, several studies were published
showing how lower hemoglobin levels correlated
positively with haplotypes in the HIF prolyl
hydroxylase EGLN1, HIF-2α, and PPARA (92–
95). Interestingly, the pattern of variation in
EGLN1 differed between Tibetans and Andean
natives (95). The Tibetan PHD2 haplotype
(D4E/C127S) diminishes interaction of PHD2
with the heat shock protein chaperone p23,
thereby reducing hydroxylation activity and
downregulation of HIF pathway (96). Higher
blood flow and circulating nitric oxide products
may also serve to protect against high-altitude
hypoxia (97). Exposure of newborn mice to low
oxygen has revealed other pathways that may help
clarify how a low oxygen environment influences
development of the lung and other organs. For
example, exposure of newborn mice to 12%
oxygen causes lung simplification and intri-
guingly alters many of the same signaling path-
ways (such as TGF-β, PPAR-γ) typically activated
by high oxygen exposure (98,99). As defined by
elevated tumor necrosis factor-α and interleukin-
6, neonatal hypoxia promotes an inflammatory
state in rat heart and skeletal muscle (100). Thus,
the low oxygen environment, such as seen in
people living at high altitude, permanently influ-
ences postnatal lung development.

The successful adaptation of the lung to hyp-
oxia at birth may come at an increased cost of
altered long-term health of the high altitude
native (for review see (90)). When compared to
low landers, high-altitude natives have increased
risk for cardiovascular disease particularly related
to cardiac hypertrophy. A zip code study of chil-
dren born at high altitude in Colorado suggests
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that birth at high altitude increases rehospitaliza-
tion following infection with respiratory syncytial
virus (RSV) (101). There is also some evidence
that living at high altitude reduces brain activity
(102). High-altitude natives may have lower rates
of obesity (103), but are often born small for
gestational age and have transient growth delay
with compensatory catchup growth (90, 104).
Rats living at high altitude also develop hyperten-
sion and have a shortened life span that can be
reversed when birthed into sea-level amounts of
oxygen (105). Not only do these data imply birth
into low oxygen can be an early antecedent of
disease later in life, but they also surprisingly
sound like diseases attributed to prematurity
and exposure to too much oxygen at birth. In
other words, being born too early and exposed
to too much oxygen or being born at high alti-
tude and thus less oxygen alters lung develop-
ment, host response to respiratory viral
infections, cognition, and overall growth. This
implies that complete development of the lung
and perhaps other organs is heavily influenced by
the amount of oxygen present in the environment
at birth.

So, why would the lung and other organs
respond to different levels of oxygen at birth?
The geological record suggests that the oxygen
environment ranged from as low as 15% to as
high as 35% over the past 300 million years
(106). These fluctuating changes in oxygen levels
may have substantially influenced development
and evolution of the mammalian lung and per-
haps other organs (106,107). In fact, the transition
from aquatic to terrestrial habitation by verte-
brates likely occurred during a time when atmos-
pheric levels of oxygen were rising (108). The
cutaneous respiration and inadequate removal of
carbon dioxide by aquatic species was incompat-
ible with life on land, leading to the evolution of a
more sophisticated vascular and respiratory tree
(108). As organismal size and complexity
increased over time, these two systems became
critical for the efficient uptake and transport of
oxygen to tissues and organs, thus increasing
chances for survival (109). In Drosophila melano-
gaster, high oxygen increases body weight and
wing size, whereas low oxygen promotes smaller
body weight and wing size (106). Changes in
oxygen concentrations negatively correlate with
tracheal diameter and cell size in these insects
(106, 110). Hence, the oxygen environment at

birth is a modifier of evolutionary plasticity for
the developing lung and other organs.

Additional Old and New World Perinatal
Influences to Lung Development
The developing lung is constantly exposed to
other environmental influences, both as a fetus
and as a newborn. If the modern lung evolved in
response to a changing oxygen environment, per-
haps it evolved in response to other ancient envir-
onmental influences as well. Ozone, radiation,
diet, and pathogens like viruses and bacteria are
additional examples of old world perinatal influ-
ences. Because the mammalian lung evolved in an
environment containing these agents, it presum-
ably is programmed to respond to them. Consist-
ent with this argument, expression profiling
studies have defined a pattern of gene expression
that defines a “time-to-birth” program wherein
developmental genes are expressed first and genes
involved in oxygen transport, protection against
reactive oxygen species, and host defense are
expressed near birth (111). This type of genetic
programming ensures that the lung is ready to
breathe air and defend against environmental
toxins and pathogens at birth. Cigarette smoke
and bisphenol A are examples of new world pol-
lutants because they are products whose abun-
dance in the environment is caused by human
activity. The response to these agents may be
more primitive or less programmed because the
lung did not evolve when they were present in the
environment. The following briefly describes the
pulmonary response to an old world pollutant,
ozone, and the new world pollutants, tobacco
smoke and bisphenol A. Regardless of the expos-
ure material, the net outcome is an effort to
develop a lung that is best suited to function in
an environment containing that material.

The photolysis of oxygen into ozone in the
upper atmosphere by UV radiation allowed for
the massive expansion of life. Normally there is
little ozone in the lower atmosphere because UV
radiation is weak. However, ozone has emerged as
an urban pollutant created by chemical reactions
between nitrogen oxides and volatile organic
compounds typically produced from industries
producing electricity, motor vehicle exhaust, gas-
oline vapors, and chemical solvents. Epidemiolo-
gic evidence suggests that ozone is an airway
irritant that provokes asthma in both adults and
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children (18). Children may be at greatest risk
because their lungs are still developing and likely
to have greater exposure to ozone and other air
pollutants as they play outdoors in polluted air.
Indeed, early-life episodic ozone exposures of 0.5
parts per millions (ppm) in nonhuman primates
and rats shorten growth of distal airways
(112,113). A single acute exposure of 1 ppm for
three hours is sufficient to inhibit alveolar cell
proliferation in three-day-old mice (114). But, it
is important to remember that ozone is not the
only component of air pollution and that pollutant
effects can originate from maternal exposures.
For example, maternal diesel exhaust exposure
enhances ozone-dependent airway hyperreactivity
in newborn mice (115). Nonetheless, ozone is an
oxidant gas that may influence distal airway and
alveolar structure through similar mechanisms as
hyperoxia, namely oxidant injury and inflamma-
tion (17). By shortening the airway and increasing
alveolar size, the lung may be attempting to limit
the amount of surface exposed to a highly reactive
oxidant gas and yet still be able to efficiently
exchange oxygen and carbon dioxide.

Tobacco smoke exposure is a significant cause
of lung disease in the elderly population and is the
primary cause of COPD and lung cancer. It has
also been linked to airway hyperreactivity and
asthma in children (18). Studies in animal models
reveal maternal and neonatal exposures are suffi-
cient to permanently affect host defense and lung
development. Prenatal nicotine exposure reduces
lung function in newborn rhesus monkeys pre-
sumably via the binding of nicotine to the nico-
tinic acetylcholine receptor (116). Neonatal mice
exposed to cigarette smoke have reduced innate
immunity and slight deficits in alveolar develop-
ment as adults (117). Interestingly, high oxygen
exposure in newborn mice enhances COPD in
adult mice exposed to tobacco smoke products
(118). Given the large number of pollutants pre-
sent in tobacco smoke, it will be challenging to
figure out which ones are responsible for altering
lung development and how this happens. How-
ever, changes in innate immunity and increased
airway hyperreactivity may represent an attempt
to build a lung that is best suited to exclude
particulate matter whose origins may be less
molecularly defined than oxidant gases (i.e., anti-
oxidants) or pathogens (i.e., toll-receptors).

Bisphenol A (BPA) is an organic chemical
used to make polycarbonate plastics and epoxy

resins. Because it is used to produce materials
for packaging and storing food, its effects on
children’s health are a concern. Fetal exposures
in rhesus macaques stimulate expression of
Scgb1a1 and MUC5AC/5B in the proximal con-
ducting airways (119). Increased expression of
these proteins suggests BPA may be inducing
airway mucin defenses. Fetal exposure of preg-
nant mice to BPA reduced the extent of influenza
A virus-associated pulmonary inflammation and
antiviral gene expression in the offspring (120).
This implies maternal BPA slightly modulates
innate immunity. Similarly, maternal administra-
tion of BPA enhanced the response to ovalbumin
challenge in offspring as defined by increased
serum IgE, airway eosinophilia, and airway hyper-
responsiveness (121). But those findings were not
confirmed in a related study, which actually
observed a subtle suppression of response to oval-
bumin (122). This may reflect differences in
experimental design and the developmental
window when BPA was administered. Nonethe-
less, the observation that the developing lung is
permanently affected by maternal exposure to an
organic compound that is unlikely to reach the
fetus is provocative. It suggests that the fetal lung
is sampling what the mother is being exposed to
and using that information to modify lung devel-
opment. Once again, the response seems to be to
build a lung designed to exclude materials that
would negatively impact its ability to efficiently
exchange oxidant gases. But, this example also
raises the question of why the developing lung
and not every organ is so heavily influenced by
perinatal exposures.

Environmental Influences on
Developmental Plasticity as an
Antecedent of Evolutionary Novelty
By now it should be apparent that prenatal and
postnatal environmental influences on genes and
cells contribute greatly to proper lung health and
disease later in life. Environmental influences are
often thought of as being bad because they change
lung function often for the worse. Asthma in
children of mothers who smoked tobacco during
pregnancy is a classic example of how perinatal
exposures cause respiratory morbidity later in life
(18). Similarly, neonatal ozone exposure inhibits
distal branching and promotes alveolar
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simplification (112,113). Likewise, exposure to
hyperoxia causes airway hyperreactivity and
alveolar simplification. On the other hand,
increased lung development seen in children born
at high altitude or under low levels of oxygen is
another example of how the environment can
influence lung development and health (90). Birth
into low oxygen environment stimulates lung
growth in order to increase alveolar surface area
and hence capture more oxygen under conditions
of limiting levels of oxygen. In this example, the
developing lung is “functionally adapting” to a
low oxygen environment (90). This raises the
question of whether the developing lung is trying
to functionally adapt to other environmental
agents like tobacco smoke and bisphenol
A. Hypothetically, some forms of asthma that
are linked to an early-life environmental influence
may be considered an adaptive response to an
airway irritant. For example, childhood asthma
caused by mothers who smoked tobacco products
may represent a developmental response by an
organ expecting to function in a dirty air environ-
ment. Increased mucous production and airway
smooth muscle reflects the lungs’ first line of
defense, namely to exclude toxins via mucociliary
clearance, cough, and airway closure. Although
this biology is considered productive against
respiratory irritants, it is interpreted as morbid
when observed in a clean air environment. Expos-
ure to high oxygen at birth inhibits angiogenesis,
which could be beneficial when the lung is satur-
ated by oxygen and extensive vasculature is not
needed. However, this becomes maladaptive when
the lung returns to room air and requires an
extensive microvascular network to efficiently
capture oxygen at lower partial pressures. Long-
term consequences of impaired vascular develop-
ment include pulmonary hypertension and car-
diac hypertrophy with risk for cardiac failure.

Environmental influences on the developing
lung may therefore represent a process by which
the lung is functionally adapting to that environ-
ment. Some changes may provide a selective
advantage to an adverse environment and may
be evolutionarily beneficial if inherited. Tibetans
and Andean natives born at high altitude build
larger lungs. Interestingly, Tibetans build larger
lungs even if they are born at low altitude.
Because Tibetans lived at high altitude for
60,000 years longer than Andeans, they may have
evolved heritable changes that drive lung

development independent of the oxygen environ-
ment. The idea that environmental pressures
influence organ development in an evolutionary
manner is well rooted in simpler models. The
spadefoot toad is one example where the environ-
ment can profoundly influence organ develop-
ment (123). Larvae typically live in small ponds
with limited food resources. They develop small
jaw muscles, smooth keratinized mouth parts, and
an elongated gut. However, when ponds are larger
and support growth of shrimp, larvae become
carnivores and develop large jaw muscles,
notched and keratinized parts of the mouth, and
a shorter gut better suited for eating shrimp. The
peppered moth in England is an example of how
the environment influences survival of two highly
related subspecies (124). The light-colored species
was protected from predators because it could
hide in light-colored trees and lichen. Air pollu-
tion produced during the Industrial Revolution
killed lichen, and the trees became black from
the soot. The light-colored subspecies became
susceptible to predators, while the dark-colored
species was better able to hide on trees and there-
fore flourished. As air quality improved over the
past decade, the light-colored species has become
more common. Although this serves as an
example of how the environment affects two dif-
ferent subspecies, it represents how the environ-
ment influences the fitness of a species.

Environmental influences on developmental
plasticity should therefore be considered an ante-
cedent of evolutionary novelty. In other words,
the developing lung is responding to environmen-
tal influences so that it is best suited to function in
that environment. Rather than considering peri-
natal influences as disruptive to lung develop-
ment, perhaps we should consider them as an
integration of ecological and evolutionary devel-
opmental biology (eco-evo-devo) designed to gen-
erate novelty. Those environmental influences
that are beneficial will become heritable over time
(125). Others may be maladaptive, impede
normal lung development, and increase risk for
respiratory morbidity later in life. Such changes
would not be considered evolutionarily beneficial
to the species and would therefore not be
inherited. Assuming this concept has some valid-
ity, it becomes less surprising that the research
literature is replete with papers documenting how
the environment alters expression of virtually
every molecular pathway known to be involved
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in saccular and alveolar development. In other
words, use all the available tools necessary to
functionally adapt to the environment.

Research Opportunities
The widespread acceptance that gene–
environment interactions during critical develop-
mental windows profoundly alter lung develop-
ment and respiratory health over a lifetime
provides the foundation to define new questions
and research opportunities. Although the
following examples reflect those by the author,
they hopefully will stimulate additional ideas that
will help clarify how early-life environmental
exposures affect respiratory health later in life.

1. In the early sixteenth century, Paracelsus
proclaimed, “All things are poison and
nothing is without poison; only the dose
permits something not to be poisonous.”
When studying how a single agent or mixture
of environmental factors influences lung
development, the dose and duration of
exposure needs to be considered. A super
physiologic or prolonged dose may generate
experimental data, but whether those
outcomes are grounded in reality of how
lower real-world doses affect the lung needs to
be considered when designing experiments.

2. Pediatricians often say, “Children are not little
adults” because children respond to drugs and
disease differently than adults. But even
children are not fetuses. Future studies
therefore need to define prenatal and postnatal
developmental windows within which specific
environmental factors influence lung
development. Identifying developmental
windows of sensitivity or vulnerability will
help clarify mechanisms of action and
potentially guide development of age-specific
interventions.

3. It is often written in review articles that the
normal adult mammalian lung contains
approximately forty different cell types, yet the
origin of this statement seems to have
disappeared in the historical literature.
However, it should not be surprising to find
that this is a gross underestimation when one
considers how expression of cell surface
receptors has markedly increased the diversity
of leukocytes present in the lung (126). The
emerging use of microfluidic single-cell RNA

sequencing is also uncovering an equally rich
diversity among the nonhematopoietic
population of cells (127,128). Pulse-chase
labeling with 3H-thymidine or cell-restricted
fluorescent reporter genes and cell-specific
ablation with toxins has identified region-
specific niches containing stem cells required
for proper lung development and repair (129).
Having more than one stem cell niche may
seem excessive or redundant until one
appreciates that deposition of pollutants
(particles and gases) in the airspace varies
according to size, shape, and chemical
reactivity (130). Unique specific stem cell
niches may therefore have evolved to facilitate
repair of specific areas of the lung damaged by
region-specific pollutants. The molecular and
cellular tools being used to identify and
characterize the “omics” of stem cells need to
be used to understand how the environment
influences cell-specific pathways and processes
controlling lung development.

4. It may equally prudent to identify hallmarks
of perinatal influences to lung development
much like the cancer field has identified
hallmarks of cancer progression. This includes
changes in proliferative signaling, evasion of
growth suppressors, resistance to cell death,
replicative immortality, increased
angiogenesis, enhanced cell invasion and
metastasis, reprogramming of energy
metabolism, and evading immune destruction
(131). Underlying these changes is genomic
instability and inflammation. Interestingly,
the same environmental stressors and
chemicals that promote cancer also affect
postnatal lung development (132,133). Except
for genomic instability, some of the hallmarks
defined in cancer progression may therefore
also be involved in reprogramming cell fate
and hence organ development.

5. Environmental factors alter development by
epigenetically altering cells toward different
fates. Because epigenetics reflects heritable
genetic changes that are not caused by changes
in the DNA sequence, more research is needed
to know whether perinatal influences on lung
development can be reversed and whether
they are heritable.

6. As an open conduit to the environment, the
lung is uniquely poised to act as a sensor of the
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environment and transfer that information to
other organs. Because perinatal influences
often affect development of other organs,
future studies should also consider the lung as
a portal for how other organs respond to a
changing environment.

Disclosures
The authors report no proprietary or commercial
interest in any product mentioned or concept
discussed in this article.

Acknowledgments
A single review cannot capture all the information
in the literature related to that topic. I apologize
to those whose work was not included. I am grate-
ful to my colleagues and the past and present
members of my laboratory who have helped me
understand how early-life oxygen exposure alters
lung development and function. This work was
supported in part by National Institutes of Health
Grants HL-067392, HL-091968, and HL-097141
(M. A. O’Reilly).

References
1 Farmer CG, Sanders K.

Unidirectional airflow in the
lungs of alligators. Science.
2010;327(5963):338–340.

2 Farmer CG. The provenance of
alveolar and parabronchial
lungs: insights from
paleoecology and the discovery
of cardiogenic, unidirectional
airflow in the American
alligator (Alligator
mississippiensis). Physiol
Biochem Zool. 2010;83(4):
561–575.

3 Maeda Y, Dave V, Whitsett JA.
Transcriptional control of lung
morphogenesis. Physiol Rev.
2007;87(1):219–244.

4 Ochs M, Nyengaard JR, Jung
A, et al. The number of alveoli
in the human lung. Am J Respir
Crit Care Med. 2004;169(1):
120–124.

5 Kitaoka H, Takaki R, Suki B.
A three-dimensional model of
the human airway tree. J Appl
Physiol (1985). 1999;87(6):
2207–2217.

6 Knust J, Ochs M, Gundersen
HJ, Nyengaard JR.
Stereological estimates of
alveolar number and size and
capillary length and surface
area in mice lungs. Anat Rec
(Hoboken). 2009;292(1):
113–122.

7 Metzger RJ, Klein OD, Martin
GR, Krasnow MA. The
branching programme of
mouse lung development.

Nature. 2008;453(7196):
745–750.

8 Morrisey EE, Hogan BL.
Preparing for the first breath:
genetic and cellular mechanisms
in lung development. Dev Cell.
2010;18(1):8–23.

9 Herriges M, Morrisey EE. Lung
development: orchestrating the
generation and regeneration of
a complex organ. Development.
2014;141(3):502–513.

10 Spooner BS, Wessells NK.
Mammalian lung development:
interactions in primordium
formation and bronchial
morphogenesis. J Exp Zool.
1970;175(4):445–454.

11 Hilfer SR, Rayner RM, Brown
JW. Mesenchymal control of
branching pattern in the fetal
mouse lung. Tissue Cell.
1985;17(4):523–538.

12 Shannon JM. Induction of
alveolar type II cell
differentiation in fetal tracheal
epithelium by grafted distal
lung mesenchyme.
Development. 1994;166
(2):600–614.

13 Alanis DM, Chang DR,
Akiyama H, Krasnow MA,
Chen J. Two nested
developmental waves
demarcate a compartment
boundary in the mouse
lung. Nat Commun.
2014;5:3923.

14 Kajekar R. Environmental
factors and developmental
outcomes in the lung.

Pharmacol Ther. 2007;114
(2):129–145.

15 Madurga A, Mizikova I, Ruiz-
Camp J, Morty RE. Recent
advances in late lung
development and the
pathogenesis of
bronchopulmonary dysplasia.
Am J Physiol Lung Cell Mol
Physiol. 2013;305(12):L893–905.

16 Buczynski BW, Maduekwe ET,
O'Reilly MA. The role of
hyperoxia in the pathogenesis
of experimental BPD. Semin
Perinatol. 2013;37(2):69–78.

17 Auten RL, Foster WM.
Biochemical effects of ozone on
asthma during postnatal
development. Biochim Biophys
Acta. 2011;1810
(11):1114–1119.

18 Wang L, Pinkerton KE. Air
pollutant effects on fetal and
early postnatal development.
Birth Defects Res C Embryo
Today. 2007;81(3):144–154.

19 Schwartz DA. Gene-
environment interactions and
airway disease in children.
Pediatrics. 2009;123 Suppl 3:
S151–159.

20 Harding R, Maritz G. Maternal
and fetal origins of lung disease
in adulthood. Semin Fetal
Neonatal Med. 2012;17(2):
67–72.

21 Rehan VK, Asotra K, Torday
JS. The effects of smoking on
the developing lung: insights
from a biologic model for lung
development, homeostasis,

280

Fetal and Neonatal Lung Development



and repair. Lung. 2009;187
(5):281–289.

22 Turvey SE, Bonilla FA, Junker
AK. Primary
immunodeficiency diseases: a
practical guide for clinicians.
Postgrad Med J. 2009;85
(1010):660–666.

23 Beers MF, Morrisey EE. The
three R's of lung health and
disease: repair, remodeling, and
regeneration. J Clin Invest.
2011;121(6):2065–2073.

24 Davis JM, Auten RL.
Maturation of the antioxidant
system and the effects on
preterm birth. Semin Fetal
Neonatal Med. 2010;15(4):191–
195.

25 Sjostedt S, Rooth G, Caligara F.
The oxygen tension of the
amniotic fluid. Am J Obstet
Gynecol. 1958;76(6):1226–
1230.

26 Lee YM, Jeong CH, Koo SY,
et al. Determination of hypoxic
region by hypoxia marker in
developing mouse embryos in
vivo: a possible signal for vessel
development. Dev Dyn.
2001;220(2):175–186.

27 Saini Y, Harkema JR, LaPres JJ.
HIF1alpha is essential for
normal intrauterine
differentiation of alveolar
epithelium and surfactant
production in the newborn
lung of mice. J Biol Chem.
2008;283(48):33650–33657.

28 Compernolle V, Brusselmans
K, Acker T, et al. Loss of HIF-
2alpha and inhibition of VEGF
impair fetal lung maturation,
whereas treatment with VEGF
prevents fatal respiratory
distress in premature mice. Nat
Med. 2002;8(7):702–710.

29 Asikainen TM, Chang LY,
Coalson JJ, et al. Improved
lung growth and function
through hypoxia-inducible
factor in primate chronic lung
disease of prematurity. FASEB
J. 2006;20(10):1698–1700.

30 Asikainen TM, Waleh NS,
Schneider BK, Clyman RI,

White CW. Enhancement of
angiogenic effectors through
hypoxia-inducible factor in
preterm primate lung in vivo.
Am J Physiol Lung Cell Mol
Physiol. 2006;291(4):L588–
595.

31 Clerch LB, Massaro D.
Tolerance of rats to hyperoxia.
Lung antioxidant enzyme gene
expression. J Clin Invest.
1993;91(2):499–508.

32 Jean JC, George E, Kaestner
KH, Brown LA, Spira A, Joyce-
Brady M. Transcription factor
Klf4, induced in the lung by
oxygen at birth, regulates
perinatal fibroblast and
myofibroblast differentiation.
PLoS One. 2013;8(1):e54806.

33 Puente BN, Kimura W,
Muralidhar SA, et al. The
oxygen-rich postnatal
environment induces
cardiomyocyte cell-cycle arrest
through DNA damage response.
Cell. 2014;157(3):565–579.

34 Chess PR,D'AngioCT, Pryhuber
GS, Maniscalco WM.
Pathogenesis of
bronchopulmonary dysplasia.
Semin Perinatol. 2006;30
(4):171–178.

35 Askie LM, Henderson-Smart
DJ, Irwig L, Simpson JM.
Oxygen-saturation targets and
outcomes in extremely preterm
infants. New Engl J Med.
2003;349:959–967.

36 Madan A, Brozanski BS, Cole
CH, Oden NL, Cohen G,
Phelps DL. A pulmonary score
for assessing the severity of
neonatal chronic lung disease.
Pediatrics. 2005;115:e450–457.

37 Saugstad OD. Oxygen and
oxidative stress in
bronchopulmonary dysplasia.
J Perinat Med. 2010;38(6):571–
577.

38 Merritt TA, Deming DD,
Boynton BR. The 'new'
bronchopulmonary dysplasia:
challenges and commentary.
Semin Fetal Neonatal Med.
2009;14(6):345–357.

39 Wright CJ, Kirpalani H.
Targeting inflammation to
prevent bronchopulmonary
dysplasia: can new insights be
translated into therapies?
Pediatrics. 2011;128(1):111–
126.

40 Parad RB, Allred EN, Rosenfeld
WN, Davis JM. Reduction of
retinopathy of prematurity in
extremely low gestational age
newborns treated with
recombinant human Cu/Zn
superoxide dismutase.
Neonatology. 2012;102
(2):139–144.

41 Davis JM, Parad RB, Michele T,
Allred E, Price A, Rosenfeld W.
Pulmonary outcome at 1 year
corrected age in premature
infants treated at birth with
recombinant human CuZn
superoxide dismutase.
Pediatrics. 2003;111(3):469–
476.

42 Kinsella JP, Parker TA, Davis
JM, Abman SH. Superoxide
dismutase improves gas
exchange and pulmonary
hemodynamics in premature
lambs. Am J Respir Crit Care
Med. 2005;172(6):745–749.

43 Polglase GR, Dalton RG, Nitsos
I, et al. Pulmonary vascular and
alveolar development in
preterm lambs chronically
colonized with Ureaplasma
parvum. Am J Physiol Lung Cell
Mol Physiol. 2010;299(2):
L232–241.

44 Velten M, Hutchinson KR,
Gorr MW, Wold LE, Lucchesi
PA, Rogers LK. Systemic
maternal inflammation and
neonatal hyperoxia induces
remodeling and left ventricular
dysfunction in mice. PLoS One.
2011;6(9):e24544.

45 Robin B, Kim YJ, Huth J, et al.
Pulmonary function in
bronchopulmonary dysplasia.
Pediatr Pulmonol. 2004;37
(3):236–242.

46 Doyle LW. Respiratory
function at age 8–9 years in
extremely low birthweight/very

281

Perinatal Disruptions of Lung Development: Mechanisms and Implications for Chronic Lung Diseases



preterm children born in
Victoria in 1991–1992. Pediatr
Pulmonol. 2006;41(6):570–576.

47 Doyle LW, Faber B, Callanan
C, Freezer N, Ford GW, Davis
NM. Bronchopulmonary
dysplasia in very low birth
weight subjects and lung
function in late adolescence.
Pediatrics. 2006;118(1):108–
113.

48 Smith VC, Zupancic JA,
McCormick MC, et al.
Rehospitalization in the first
year of life among infants with
bronchopulmonary dysplasia.
J Pediatr. 2004;144(6):799–803.

49 Weisman LE. Populations at
risk for developing respiratory
syncytial virus and risk factors
for respiratory syncytial virus
severity: infants with
predisposing conditions.
Pediatr Infect Dis J. 2003;22(2
Suppl):S33–37; discussion
S37-39.

50 Doyle LW, Faber B, Callanan
C, Morley R. Blood pressure in
late adolescence and very low
birth weight. Pediatrics.
2003;111(2):252–257.

51 Roberts G, Anderson PJ, Doyle
LW. Neurosensory disabilities
at school age in geographic
cohorts of extremely low birth
weight children born between
the 1970s and the 1990s.
J Pediatr. 2009;154(6):829–834.
e1.

52 Jobe AH, Kallapur SG. Long
term consequences of oxygen
therapy in the neonatal period.
Semin Fetal Neonatal Med.
2010;15(4):230–235.

53 Patz A, Hoeck LE, De La Cruz
E. Studies on the effect of high
oxygen administration in
retrolental fibroplasia.
I. Nursery observations. Am
J Ophthalmol. 1952;35
(9):1248–1253.

54 Supplemental Therapeutic
Oxygen for Prethreshold
Retinopathy Of Prematurity
(STOP-ROP), a randomized,
controlled trial. I: primary

outcomes. Pediatrics. 2000;105
(2):295–310.

55 Askie LM, Henderson-Smart
DJ, Irwig L, Simpson JM.
Oxygen-saturation targets and
outcomes in extremely preterm
infants. N Engl J Med. 2003;349
(10):959–967.

56 Carlo WA, Finer NN, Walsh
MC, et al. Target ranges of
oxygen saturation in extremely
preterm infants. N Engl J Med.
2010;362(21):1959–1969.

57 Stenson BJ, Tarnow-Mordi
WO, Darlow BA, et al. Oxygen
saturation and outcomes in
preterm infants. N Engl J Med.
2013;368(22):2094–2104.

58 Stevens TP, Dylag A,
Panthagani I, Pryhuber G,
Halterman J. Effect of
cumulative oxygen exposure on
respiratory symptoms during
infancy among VLBW infants
without bronchopulmonary
dysplasia. Pediatr Pulmonol.
2010;45(4):371–379.

59 Warner BB, Stuart LA, Papes
RA, Wispe JR. Functional and
pathological effects of
prolonged hyperoxia in
neonatal mice. Am J Physiol.
1998;275(1 Pt 1):L110–117.

60 Bonikos DS, Bensch KG,
Ludwin SK, Northway WH Jr.
Oxygen toxicity in the
newborn. The effect of
prolonged 100 percent O2
exposure on the lungs of
newborn mice. Lab Invest.
1975;32(5):619–635.

61 Maniscalco WM, Watkins RH,
Pryhuber GS, Bhatt A, Shea C,
Huyck H. Angiogenic factors
and alveolar vasculature:
development and alterations by
injury in very premature
baboons. Am J Physiol Lung
Cell Mol Physiol. 2002;282(4):
L811–823.

62 Klekamp JG, Jarzecka K,
Perkett EA. Exposure to
hyperoxia decreases the
expression of vascular
endothelial growth factor and
its receptors in adult rat lungs.

Am J Pathol. 1999;154(3):
823–831.

63 Maniscalco WM, Watkins RH,
Roper JM, Staversky R, O'Reilly
MA. Hyperoxic ventilated
premature baboons have
increased p53, oxidant DNA
damage and decreased VEGF
expression. Pediatr Res.
2005;58(3):549–556.

64 Le Cras TD, Markham NE,
Tuder RM, Voelkel NF, Abman
SH. Treatment of newborn rats
with a VEGF receptor inhibitor
causes pulmonary
hypertension and abnormal
lung structure. Am J Physiol
Lung Cell Mol Physiol.
2002;283(3):L555–562.

65 McGrath-Morrow SA, Cho C,
Zhen L, Hicklin DJ, Tuder RM.
Vascular endothelial growth
factor receptor 2 blockade
disrupts postnatal lung
development. Am J Respir Cell
Mol Biol. 2005;32(5):420–427.

66 Zhao L, Wang K, Ferrara N, Vu
TH. Vascular endothelial
growth factor co-ordinates
proper development of lung
epithelium and vasculature.
Mech Dev. 2005;122(7–8):877–
886.

67 Kunig AM, Balasubramaniam
V, Markham NE, et al.
Recombinant human VEGF
treatment enhances
alveolarization after hyperoxic
lung injury in neonatal rats.
Am J Physiol Lung Cell Mol
Physiol. 2005;289(4):L529–535.

68 Thebaud B, Ladha F,
Michelakis ED, et al. Vascular
endothelial growth factor gene
therapy increases survival,
promotes lung angiogenesis,
and prevents alveolar damage
in hyperoxia-induced lung
injury: evidence that
angiogenesis participates in
alveolarization. Circulation.
2005;112(16):2477–2486.

69 Balasubramaniam V, Mervis
CF, Maxey AM, Markham NE,
Abman SH. Hyperoxia reduces
bone marrow, circulating, and

282

Fetal and Neonatal Lung Development



lung endothelial progenitor
cells in the developing lung:
implications for the
pathogenesis of
bronchopulmonary dysplasia.
Am J Physiol Lung Cell Mol
Physiol. 2007;292(5):L1073–
1084.

70 van Haaften T, Byrne R,
Bonnet S, et al. Airway delivery
of mesenchymal stem cells
prevents arrested alveolar
growth in neonatal lung injury
in rats. Am J Respir Crit
Care Med. 2009;180(11):1131–
1142.

71 Aslam M, Baveja R, Liang OD,
et al. Bone marrow stromal
cells attenuate lung injury in a
murine model of neonatal
chronic lung disease. Am
J Respir Crit Care Med.
2009;180(11):1122–1130.

72 Doyle LW. Cardiopulmonary
outcomes of extreme
prematurity. Semin Perinatol.
2008;32(1):28–34.

73 Yee M, White RJ, Awad HA,
Bates WA, McGrath-Morrow
SA, O'Reilly MA. Neonatal
hyperoxia causes pulmonary
vascular disease and shortens
life span in aging mice. Am
J Pathol. 2011;178(6):2601–
2610.

74 Yzydorczyk C, Comte B,
Cambonie G, et al. Neonatal
oxygen exposure in rats leads
to cardiovascular and renal
alterations in adulthood.
Hypertension. 2008;52
(5):889–895.

75 Yee M, Vitiello PF, Roper JM,
et al. Type II epithelial cells are
critical target for hyperoxia-
mediated impairment of
postnatal lung development.
Am J Physiol Lung Cell Mol
Physiol. 2006;291(5):L1101–
1111.

76 Auten RL, Mason SN, Auten
KM, Brahmajothi M.
Hyperoxia impairs postnatal
alveolar epithelial development
via NADPH oxidase in
newborn mice. Am J Physiol

Lung Cell Mol Physiol.
2009;297(1):L134–142.

77 O'Reilly MA. DNA damage and
cell cycle checkpoints in
hyperoxic lung injury: braking
to facilitate repair. Am J Physiol
Lung Cell Mol Physiol.
2001;281(2):L291–305.

78 Ahmed MN, Suliman HB, Folz
RJ, et al. Extracellular
superoxide dismutase protects
lung development in
hyperoxia-exposed newborn
mice. Am J Respir Crit Care
Med. 2003;167(3):400–405.

79 Auten RL, O'Reilly MA, Oury
TD, Nozik-Grayck E, Whorton
MH. Transgenic extracellular
superoxide dismutase protects
postnatal alveolar epithelial
proliferation and development
during hyperoxia. Am J Physiol
Lung Cell Mol Physiol.
2006;290(1):L32–40.

80 Auten RL, Whorton MH,
Nicholas Mason S. Blocking
neutrophil influx reduces DNA
damage in hyperoxia-exposed
newborn rat lung. Am J Respir
Cell Mol Biol. 2002;26(4):391–
397.

81 McGrath-Morrow SA, Cho C,
Soutiere S, Mitzner W, Tuder
R. The effect of neonatal
hyperoxia on the lung of
p21Waf1/Cip1/Sdi1-deficient
mice. Am J Respir Cell Mol Biol.
2004;30(5):635–640.

82 Yee M, Buczynski BW, O'Reilly
MA. Neonatal hyperoxia
stimulates the expansion of
alveolar epithelial type II cells.
Am J Respir Cell Mol Biol.
2014;50(4):757–766.

83 O'Reilly MA, Marr SH, Yee M,
McGrath-Morrow SA,
Lawrence BP. Neonatal
hyperoxia enhances the
inflammatory response in adult
mice infected with influenza
A virus. Am J Respir Crit Care
Med. 2008;177(10):1103–1110.

84 O'Reilly MA, Yee M, Buczynski
BW, et al. Neonatal oxygen
increases sensitivity to
influenza A virus infection in

adult mice by suppressing
epithelial expression of Ear1.
Am J Pathol. 2012;181(2):441–
451.

85 Johnston CJ, Stripp BR,
Piedbeouf B, et al.
Inflammatory and epithelial
responses in mouse strains that
differ in sensitivity to
hyperoxic injury. Exp Lung Res.
1998;24(2):189–202.

86 Tryka AF, Witschi H, Gosslee
DG, McArthur AH, Clapp NK.
Patterns of cell proliferation
during recovery from oxygen
injury. Species differences. The
Am Rev Respir Dis. 1986;133
(6):1055–1059.

87 Buczynski BW, Yee M, Paige
Lawrence B, O'Reilly MA. Lung
development and the host
response to influenza A virus
are altered by different doses of
neonatal oxygen in mice. Am
J Physiol Lung Cell Mol Physiol.
2012;302(10):L1078–1087.

88 Maduekwe ET, Buczynski BW,
Yee M, et al. Cumulative
neonatal oxygen exposure
predicts response of adult mice
infected with influenza A virus.
Pediatr Pulmonol. 2014.

89 Petousi N, Croft QP, Cavalleri
GL, et al. Tibetans living at sea
level have a hyporesponsive
hypoxia-inducible factor
system and blunted
physiological responses to
hypoxia. J Appl Physiol (1985).
2014;116(7):893–904.

90 Frisancho AR. Developmental
functional adaptation to high
altitude: review. Am J Hum
Biol. 2013;25:151–168.

91 Beall CM, Brittenham GM,
Strohl KP, et al. Hemoglobin
concentration of high-altitude
Tibetans and Bolivian Aymara.
Am J Phys Anthropol. 1998;106
(3):385–400.

92 Beall CM, Cavalleri GL, Deng
L, et al. Natural selection on
EPAS1 (HIF2alpha) associated
with low hemoglobin
concentration in Tibetan

283

Perinatal Disruptions of Lung Development: Mechanisms and Implications for Chronic Lung Diseases



highlanders. Proc Natl Acad Sci
U S A. 2010;107(25):11459–
11464.

93 Yi X, Liang Y, Huerta-Sanchez
E, et al. Sequencing of
50 human exomes reveals
adaptation to high altitude.
Science. 2010;329(5987):75–78.

94 Simonson TS, Yang Y, Huff
CD, et al. Genetic evidence for
high-altitude adaptation in
Tibet. Science. 2010;329
(5987):72–75.

95 Bigham A, Bauchet M, Pinto D,
et al. Identifying signatures of
natural selection in Tibetan
and Andean populations using
dense genome scan data. PLoS
Genet. 2010;6(9):e1001116.

96 Song D, Li LS, Arsenault PR,
et al. Defective Tibetan PHD2
binding to p23 links high
altitude adaptation to altered
oxygen sensing. J Biol Chem.
2014;289(21):14656–14665.

97 Erzurum SC, Ghosh S, Janocha
AJ, et al. Higher blood flow and
circulating NO products offset
high-altitude hypoxia among
Tibetans. Proc Natl Acad Sci
U S A. 2007;104(45):17593–
17598.

98 Ambalavanan N, Nicola T,
Hagood J, et al. Transforming
growth factor-beta signaling
mediates hypoxia-induced
pulmonary arterial remodeling
and inhibition of alveolar
development in newborn
mouse lung. Am J Physiol Lung
Cell Mol Physiol. 2008;295(1):
L86–95.

99 Nicola T, Ambalavanan N,
Zhang W, et al. Hypoxia-
induced inhibition of lung
development is attenuated by
the peroxisome proliferator-
activated receptor-gamma
agonist rosiglitazone. Am
J Physiol Lung Cell Mol Physiol.
2011;301(1):L125–134.

100 Radom-Aizik S, Zaldivar FP,
Nance DM, Haddad F, Cooper
DM, Adams GR. Growth
inhibition and compensation
in response to neonatal

hypoxia in rats. Pediatr Res.
2013;74(2):111–120.

101 Choudhuri JA, Ogden LG,
Ruttenber AJ, Thomas DS,
Todd JK, Simoes EA. Effect of
altitude on hospitalizations for
respiratory syncytial virus
infection. Pediatrics. 2006;117
(2):349–356.

102 Yan X. Pro: all dwellers at high
altitude are persons of
impaired physical and mental
powers. High Alt Med Biol.
2013;14(3):208–211.

103 Voss JD, Allison DB, Webber
BJ, Otto JL, Clark LL. Lower
obesity rate during residence at
high altitude among a military
population with frequent
migration: a quasi
experimental model for
investigating spatial causation.
PLoS One. 2014;9(4):e93493.

104 Soria R, Julian CG, Vargas E,
Moore LG, Giussani DA.
Graduated effects of high-
altitude hypoxia and highland
ancestry on birth size. Pediatr
Res. 2013;74(6):633–638.

105 Lumbroso D, Lemoine A,
Gonzales M, Villalpando G,
Seaborn T, Joseph V. Life-long
consequences of postnatal
normoxia exposure in rats
raised at high altitude. J Appl
Physiol. 2012;112(1):33–41.

106 Berner RA, Vandenbrooks JM,
Ward PD. Evolution. Oxygen
and evolution. Science.
2007;316(5824):557–558.

107 Fluck M, Webster KA, Graham
J, Giomi F, Gerlach F, Schmitz
A. Coping with cyclic oxygen
availability: evolutionary
aspects. Integr Comp Biol.
2007;47(4):524–531.

108 Stamati K, Mudera V, Cheema
U. Evolution of oxygen
utilization in multicellular
organisms and implications for
cell signalling in tissue
engineering. J Tissue Eng.
2011;2(1):2041731411432365.

109 Thannickal VJ. Oxygen in the
evolution of complex life and

the price we pay. Am J Respir
Cell Mol Biol. 2009;40(5):507–
510.

110 Frazier MR, Woods HA,
Harrison JF. Interactive effects
of rearing temperature and
oxygen on the development of
Drosophila melanogaster.
Physiol Biochem Zool. 2001;74
(5):641–650.

111 Kho AT, Bhattacharya S,
Mecham BH, Hong J, Kohane
IS, Mariani TJ. Expression
profiles of the mouse lung
identify a molecular signature
of time-to-birth. Am J Respir
Cell Mol Biol. 2009;40(1):47–
57.

112 Fanucchi MV, Plopper CG,
Evans MJ, et al. Cyclic exposure
to ozone alters distal airway
development in infant rhesus
monkeys. Am J Physiol Lung
Cell Mol Physiol. 2006;291(4):
L644–650.

113 Lee D, Wallis C, Van Winkle
LS, Wexler AS. Disruption of
tracheobronchial airway
growth following postnatal
exposure to ozone and ultrafine
particles. Inhal Toxicol. 2011;23
(9):520–531.

114 Gabehart K, Correll KA, Yang
J, et al. Transcriptome profiling
of the newborn mouse lung
response to acute ozone
exposure. Toxicol Sci. 2014;138
(1):175–190.

115 Auten RL, Gilmour MI, Krantz
QT, Potts EN, Mason SN,
Foster WM. Maternal diesel
inhalation increases airway
hyperreactivity in ozone-
exposed offspring. Am J Respir
Cell Mol Biol. 2012;46(4):454–
460.

116 Sekhon HS, Keller JA,
Benowitz NL, Spindel ER.
Prenatal nicotine exposure
alters pulmonary function in
newborn rhesus monkeys. Am
J Respir Crit Care Med.
2001;164(6):989–994.

117 McGrath-Morrow S,
Rangasamy T, Cho C, et al.

284

Fetal and Neonatal Lung Development



Impaired lung homeostasis in
neonatal mice exposed to
cigarette smoke. Am J Respir
Cell Mol Biol. 2008;38(4):393–
400.

118 McGrath-Morrow SA, Lauer T,
Collaco JM, et al. Neonatal
hyperoxia contributes
additively to cigarette smoke-
induced chronic obstructive
pulmonary disease changes in
adult mice. Am J Respir Cell
Mol Biol. 2011;45(3):610–616.

119 Van Winkle LS, Murphy SR,
Boetticher MV, VandeVoort
CA. Fetal exposure of rhesus
macaques to bisphenol a alters
cellular development of the
conducting airway by changing
epithelial secretory product
expression. Environ Health
Perspect. 2013;121(8):912–918.

120 Roy A, Bauer SM, Lawrence
BP. Developmental exposure to
bisphenol A modulates innate
but not adaptive immune
responses to influenza A virus
infection. PLoS One. 2012;7(6):
e38448.

121 Midoro-Horiuti T, Tiwari R,
Watson CS, Goldblum RM.
Maternal bisphenol a exposure
promotes the development of
experimental asthma in mouse
pups. Environ Health Perspect.
2010;118(2):273–277.

122 Bauer SM, Roy A, Emo J,
Chapman TJ, Georas SN,
Lawrence BP. The effects of
maternal exposure to bisphenol
A on allergic lung
inflammation into adulthood.
Toxicol Sci. 2012;130(1):82–93.

123 Ledon-Rettig CC, Pfennig DW.
Emerging model systems in
eco-evo-devo: the
environmentally responsive
spadefoot toad. Evol Dev.
2011;13(4):391–400.

124 Cook LM, Saccheri IJ. The
peppered moth and industrial
melanism: evolution of a
natural selection case study.
Heredity. 2013;110(3):207–212.

125 Scheinfeldt LB, Tishkoff SA.
Recent human adaptation:
genomic approaches,
interpretation and insights. Nat
Rev Genet. 2013;14(10):692–
702.

126 Barletta KE, Cagnina RE,
Wallace KL, Ramos SI, Mehrad
B, Linden J. Leukocyte
compartments in the mouse
lung: distinguishing between
marginated, interstitial, and
alveolar cells in response to
injury. J Immunol Methods.
2012;375(1–2):100–110.

127 Streets AM, Zhang X, Cao C,
et al. Microfluidic single-cell

whole-transcriptome
sequencing. Proc Natl Acad Sci
U S A. 2014;111(19):7048–
7053.

128 Treutlein B, Brownfield DG,
Wu AR, et al. Reconstructing
lineage hierarchies of the distal
lung epithelium using single-
cell RNA-seq. Nature. 2014;509
(7500):371–375.

129 Rackley CR, Stripp BR.
Building and maintaining the
epithelium of the lung. J Clin
Invest. 2012;122(8):2724–
2730.

130 Carvalho TC, Peters JI,
Williams RO III. Influence of
particle size on regional lung
deposition–what evidence is
there? Int J Pharm. 2011;406
(1–2):1–10.

131 Hanahan D, Weinberg RA.
Hallmarks of cancer: the next
generation. Cell. 2011;144
(5):646–674.

132 Luch A. Nature and nurture –
lessons from chemical
carcinogenesis. Nat Rev
Cancer. 2005;5(2):113–125.

133 Minamoto T, Mai M, Ronai Z.
Environmental factors as
regulators and effectors of
multistep carcinogenesis.
Carcinogenesis. 1999;20(4):
519–527.

285

Perinatal Disruptions of Lung Development: Mechanisms and Implications for Chronic Lung Diseases



Chapter

16
Lung Growth Through the “Life Course”
and Predictors and Determinants of
Chronic Respiratory Disorders

Fernando D.Martinez

Abstract
Strong observational and experimental evidence indicates that lung growth during fetal and
early postnatal life is one of the strongest determinants of adult lung function. Genetic
variation plays a critical role in determining maximal lung function reached in adult life.
Factors that affect lung growth such as extreme prematurity with bronchopulmonary dyspla-
sia, intrauterine growth retardation, exposure to tobacco smoke in utero and postnatally, and
vitamin A and D deficiencies also play varying roles in determining lung function. However,
catch-up growth seems to be able to reverse at least in part the negative effects of some of these
conditions. Individuals who reach early adult life with lower levels of lung function are at
increased risk of developing chronic obstructive pulmonary disease during the decline phase
of lung function, after the third decade of life, and may also be more susceptible to the
deleterious effects of active cigarette smoking.

Keywords:
Lung function, prematurity, intrauterine growth retardation, bronchopulmonary
dysplasia, chronic obstructive pulmonary disease

Chronic respiratory diseases (CRD) are a major
cause of morbidity and mortality worldwide.
Asthma is the most frequent chronic illness in
children, and chronic obstructive pulmonary dis-
ease (COPD) is the third leading cause of death in
the United States (1). In 2012, twelve million
Americans had a diagnosis of COPD, but
twenty-four million had some degree of chronic
airway obstruction (2), suggesting that COPD is
greatly underdiagnosed. Asthma and COPD are
by far the most common chronic respiratory con-
ditions, but chronic lung disease of prematurity,
chronic infection, lung restrictive conditions, and
cystic fibrosis are also important components of
the CRD spectrum.

An important advantage that CRD researchers
have with respect to their peers studying other
chronic conditions is the availability of noninva-
sive pulmonary function tests that can be used
across the life span. These tests provide an imper-
fect but extremely useful tool for the longitudinal
and cross-sectional assessment of airway and par-
enchymal status in general population samples
and in selected patient groups. The most widely

utilized among these tests is spirometry, which
usually consists of a maximal forced exhalation
from full inspiration to the point in which no
more air can be blown out of the lungs (technic-
ally called total lung capacity and residual
volume points, respectively). There are now in
the market portable instruments using a pneu-
motachographic device linked to a computer,
which transforms a flow signal into flow-volume
and volume-time curves and produces easily
readable outputs. The most frequently used
indices derived from these curves are the forced
expiratory volume in one second (FEV1),
defined as the volume of air after one second of
forced exhalation; the forced vital capacity
(FVC), defined as the volume of air expired after
a maximal forced exhalation of at least six
seconds; and the ratio between FEV1 and FVC
(FEV1/FVC). FEV1 (expressed as percentage of
the expected value for the subject’s age, sex, and
stature) and FEV1/FVC are measures of airway
patency, and when decreased, they indicate the
degree of airway obstruction present, which is
proportional to the measured value for the index.
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Frequently, subjects are tested before and after
use of a bronchodilator, to assess if the changes
observed are reversed after airway smooth
muscle relaxation.

Spirometry has now been measured in a
standardized way in hundreds of thousands of
individuals, from early school age up to senes-
cence. Most important, groups of individuals have
been tested repeatedly, providing invaluable data
on the factors that determine different patterns of
growth and decay of lung function across the life
span. FEV1 and FEV1/FVC ratio are directly used
to diagnose COPD and to determine the different
levels of COPD severity (3). They are also used to
determine variability of lung function and bron-
chial hyperresponsiveness to airway challenges,
two key features of asthma.

In the last twenty years, similar curves have
been acquired in newborns and young children,
mainly in experimental centers, given the require-
ment for sedation and much longer testing ses-
sions. In this age group, pressure is applied to the
chest wall either at the end of tidal expiration or
after expanding the lungs using the Hering–
Breuer reflex, and flows are measured at the
mouth using similar methods to those used for
spirometry in older children and adults. Correlat-
ing indices of lung function assessed shortly after
birth with those measured in the same individuals
up to the adult years has thus become possible
(see later). Analyses of the shape of passive tidal
breathing curves in infants have also provided
useful but less reliable information (4). A gap
remains in the age group from one to five years,
in which passive methods such as impulse oscil-
lometry can also yield useful results, but they are
not easy to correlate with the spirometry
measurements.

Asthma, Wheezing, and
Development of Lung Function
Asthma affects more than twenty million Ameri-
cans, and there are almost 500,000 hospitaliza-
tions due to asthma in the United States alone
each year (5). Asthma is a heterogeneous condi-
tion, and this is especially true during childhood.
In the majority of cases, the disease is mild, acute
episodes occur infrequently, and lung function is
within normal ranges. In a substantial minority,
however, symptoms and exacerbations occur fre-
quently if not adequately controlled with inhaled

corticosteroids. Moreover, in this group of chil-
dren, the disease is also more likely to persist into
adult life. Two landmark longitudinal studies in
Australasia (6,7) showed that children with mod-
erate to severe disease had, as a group, lower levels
of lung function, as assessed by either FEV1 or
FEV1/FVC ratio during the early school years,
and these lung function deficits remained rela-
tively stable along the course of the disease and
into adult life. These data thus suggested that the
resting patency of the airways could be an import-
ant determinant of asthma severity, and that
blocking the development of airflow limitation
could be potential strategy for the prevention of
the disease.

What remained undefined, however, was the
timing of the inception of these lung function
deficits. Specifically, it was unknown if the factors
determining the deficits were operative in utero or
mainly after birth. To elucidate this issue, birth
cohort studies were needed that assessed lung func-
tion shortly after birth and followed those tested
until a diagnosis of asthma could be ascertained.
There are now several such cohort studies, and
they have provided data addressing this issue spe-
cifically. Studies using shape indexes for the tidal
flow volume curve (4) or maximal flows assessed
with the chest compression technique (8) have
shown that, as a group, newborns that will go on
to develop persistent asthma symptoms have
altered lung function at birth as compared with
those who do not. In subjects with active asthma,
further airflow limitation does emerge thereafter,
more markedly during the preschool years (9,10)
but also between the ages of six and eighteen years
(11). As a result, approximately one-third of the
deficits in lung function observed in adults with
childhood onset asthma were already present at
birth (Figure 16-1).

Newborn cohorts have also allowed for a
detailed study of the natural history of asthma
and asthma-related syndromes during childhood.
The picture that emerges is one of marked hetero-
geneity. During the first years of life, many chil-
dren have recurrent asthma-like symptoms
(wheeze, cough, shortness of breath), especially
during viral infections, but not all go on to
develop the chronic, persistent form of the disease
that that is more often associated with the label of
asthma. These children have been dubbed “tran-
sient early wheezers,” and they are clinically
undistinguishable in terms of severity and
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frequency of symptoms, from “persistent
wheezers,” that is, those whose symptoms start
before the age of three but are still present in the
early school years. Interestingly, transient
wheezers were found to have significantly lower
levels of lung function measured shortly after
birth than children who did not wheeze during
the first years of life (12). These children’s lung
function also improved concomitantly with the
remission of their symptoms, but was still signifi-
cantly diminished up to early adult life. It is thus
plausible to surmise that the congenital airflow
limitation present in these children may be caus-
ally involved in the pathogenesis of their disease.
Because resistance to flow in a tubular structure is
a function of the fourth power of the radius and
normal infants have narrower airways, relative to
the size of their lungs, than older children (13),
any further narrowing of the airway would have
significant functional consequences for the
affected child. The improvement in lung function
that these children show with aging could also
explain why their symptoms are transient and
do not persist beyond the early years.

In summary, the factors that control the level of
lung function with which a child is bornmay play a
critical role in determining that child’s suscepti-
bility for the development of both transient and
persistent airway obstruction, starting in early life.

Tracking of Lung Function with Age
The availability of cohorts in which lung function
has been followed from birth and up to the adult

years has provided further support to the concept
that factors active in utero may play a critical role
in determining the potential level of lung function
that a subject may attain into adult life. It has been
known for years that lung function tracks mark-
edly during the school years (14), but the role of
prenatal versus postnatal influences had not been
elucidated. Using data from the Tucson Chil-
dren’s Respiratory Study, Stern et al. (15) showed
that up to 14% of the variance in measurements of
airway function in young adults, including FEV1
and FEV1/FVC ratio, was explained by the max-
imal flows at functional residual capacity, an
index of airway function from partial expiratory
flow-volume curves, measured in the same sub-
jects at a mean age of two months. The study
excluded premature children who required med-
ical attention as newborns. A more detailed analy-
sis of the data suggested that most of the
association between infant airway function and
adult lung function was attributable to subjects
who had already diminished airway function
shortly after birth. Individuals who were in the
lowest quartile for lung function shortly after
birth had mean predicted FEV1/FVC ratios of
75.1% at age twenty-two years, a level that was
5.2% lower than mean values for subjects in the
other three quartiles. The authors suggested that
this could indicate that subjects with airflow
obstruction at birth are those more likely to
remain in the lowest end of the distribution until
early adult life, whereas tracking of airway func-
tion may be less evident in children with normal
airways. Thus, combinations of genetic and

Figure 16-1. Schematic
representation of the course of lung
function for persons with asthma of
different severities as compared with
persons without asthma. Both lung
function at birth and deficits occurring
after birth play a role in determining
the course of the disease for a lifetime.
(Reprinted with permission from Stern,
Morgan, Wright, Guerra, Martinez. Lancet.
2007;370(9589):758–764).
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environmental factors that strongly affect lung
growth in utero may have deleterious effects that
last into adult life.

COPD and Development of Lung
Function
COPD is a disease mostly affecting older adults
that is both defined and classified into different
stages of severity predominantly based the level of
lung function after the administration of a bron-
chodilator (3). Specifically, for example, subjects
who have an FEV1/FVC ratio <70% and an FEV1
that is less than 80% of the value predicted for
their sex, size, and age are classified as having
stage 2 COPD, stage 1 being mostly a preclinical
phase in which only FEV1/FVC is abnormal.
Until recently, COPD was considered mostly a
disease due to smoking, based on the fact that
the great majority of affected individuals in the
developed world are indeed smokers. Because
only 15–50% of smokers develop COPD, the most
accepted hypothesis about the pathogenesis of the
disease was that certain subjects were more sensi-
tive than others to the direct toxic effects of cigar-
ettes. Thus, the assumption was that patients with
COPD reached early adult life with essentially
normal lung function, and that most of their
airflow limitation was the result of subsequent
accelerated decline in lung function (curves (c)
and (d), Figure 16-2). However, recent longitu-
dinal studies of COPD have challenged the idea
that this is the only course that the disease can
take. In the ECLIPSE study, for example, more
than half of patients with COPD followed for a

period of three years showed no more decline in
FEV1 than that which is observed in subjects
without lung disease (16). If COPD is not invari-
ably a progressive disease, the origins of the air-
flow limitation present in those who do not show
excessive lung function decline remained
undefined.

One potential explanation could be that gen-
etic and environmental factors that control the
development of lung function in utero and during
childhood and, therefore, determine the max-
imum level of lung function attained in adult-
hood, play an important role in the pathogenesis
of COPD. This “early origins” hypothesis (repre-
sented in curve (b), Figure 16-2) postulates that
many smokers with COPD develop the disease
not because of excessive decline in lung function
as adults, but because they reach early adult life
with a certain degree of irreversible airflow limi-
tation, which in most cases is still asymptomatic.
When the normal process of lung function decline
takes place, these subjects are at increased risk of
reaching the critical level of airway obstruction
that defines the different stages of COPD and are
also more likely to develop respiratory symptoms
associated with smoking, thus fitting the typical
clinical presentation of the disease. All this is
without the need to show any additional decline
of lung function with aging beyond what is char-
acteristic of this age group.

The data from ECLIPSE and other recent
longitudinal studies suggest that up to half of
all patients with COPD may follow this “early
origins” trajectory to the inception of the dis-
ease. It is thus critical to understand what

Figure 16-2. Different pathways to
chronic obstructive pulmonary disease
(COPD). (a) Normal course of lung
function growth and decline in
subjects without COPD. (c, d)
Premature and late accelerated decline
in lung function, mainly associated
with active cigarette smoking in
subjects who reach early adult life with
normal levels of lung function. (b) The
early origins of COPD hypothesis: a
critically low level of lung function
(horizontal line) is achieved by subjects
who show normal decline in lung
function with aging, but who reached
only a fraction of the peak of lung
function at age twenty years
(Reprinted with permission from
Proceedings of the American Thoracic
Society, 6, 2009).
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determines the level of lung function reached in
early adult life.

Genetics of Lung Function
There is now solid evidence indicating that levels
of lung function, adjusted for age, sex, and height,
are genetically controlled. Heritability of lung
function, that is, the fraction of phenotype vari-
ability that can be attributed to genetic variation,
can be calculated both from hundreds of thou-
sands of single-nucleotide polymorphisms (SNPs)
that span the whole genome and that have been
widely used to study genetic association with a
large number of human phenotypes, and from
segregation of lung function within pedigrees.
Similar heritability coefficients (0.50 for FEV1 to
0.66 for FEV1/FVC) were reported for genome-
wide association studies (GWAS)- and pedigree-
based studies when both methods have been
assessed in the same population (17). A meta-
analysis of the results for GWAS for spirometry
performed in four cohorts for a total of 20,890
individuals of European ancestry (18) identified
eight loci associated with FEV1/FVC: the gene for
hedgehog interacting protein (HHIP) on chromo-
some 4q31, which is known to participate in
developmental processes; the gene for a
G protein-coupled receptor, GPR126 on chromo-
some at 6q24.1, known to be involved in the
genetics of stature (19), and thus possibly
resulting from insufficient adjustment of the
results for height; a gene for a member of the “a
disintegrin and metalloprotease” (ADAM) family
of membrane-anchored glycoproteins that control
cell-matrix interactions and help regulate growth
and morphogenesis, ADAM19 at 5q33.3; a locus
between the genes for the advanced glycosylation
end product (AGER) and Palmitoyl-Protein
Thioesterase 2 (PPT2) at 6p21; a gene of unknown
function, FAM13A at 4q22.1; a gene for Protein
patched homolog 1, PTCH1, which is also a
hedgehog interacting protein, at 9q22.32; and
genes for phosphotyrosine interaction domain
containing 1 (PID1) at 2q36.3 and 5-
hydroxytryptamine (serotonin) receptor 4
(HTR4) at 5q31-33. One locus associated with
FEV1 contained several genes and was located at
4q24. A second meta-analysis of GWAS results
from the SpiroMeta consortium (20), which
included 20,288 individuals of European ancestry,
replicated many of the loci described earlier, and

described one additional locus associated with
FEV1/FVC ratio, thrombospondin type
I domain containing 4 (THSD4) at 15q23, which
interestingly is also related to the ADAM family.

Subsequent to the meta-analysis described
earlier, an even larger GWAS assessed genetic
determinants of FEV1/FVC ratio and FEV1 in
48,201 individuals of European ancestry with
follow-up of the top hits in up to an additional
46,411 individuals (21). This study identified an
additional sixteen loci associated with lung func-
tion and replicated many of the loci reported
earlier.

Both children and adults were included in
these two very large studies, and results were not
confounded by smoking, which suggests that the
genes identified most likely regulate lung func-
tional growth during fetal life and the growing
postnatal years. However, as is true for almost all
complex human phenotypes, the loci identified
explain only a small fraction of the variability of
lung function in the population. In the Soler–
Artigas study, which involved almost 100,000 per-
sons, the authors calculated that the twenty-six
newly identified and replicated loci explained
approximately 3.2% of the additive polygenic
variance for FEV1/FVC and 1.5% of the variance
for FEV1 (21). Using statistical tools that estimate
the number of susceptibility loci and the distribu-
tion of their effect sizes for a trait on the basis of
discoveries from existing GWAS, the authors cal-
culated that there were an additional seventy-six
putative undiscovered variants, which, when
added to the other twenty-six loci, collectively
explain around 7.5% of the additive polygenic
variance for FEV1/FVC and 3.4% of the variance
for FEV1. Clearly, even when extremely large
numbers of subjects are studied, a large gap
remains between the heritability calculations
described earlier (i.e., 50–66% of variation in lung
function explained by genetic variation) and the
low fraction of that variation detected through
GWAS.

Several explanations have been proposed for
this gap, the so-called hidden heritability. It is
quite likely that, much like is the case for stature,
lung function is a highly polygenic condition,
and, therefore thousands of common and rare
genetic variants with very small effects may be at
play. If effects of common variants included in
GWAS are too small, there would be very little
power to detect them with a few thousand cases
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and controls. In the case of rare variants, which
are usually not included in GWAS chips, the only
way to thoroughly address their role is to
sequence the whole genomes of large numbers
of individuals, which until recently was not feas-
ible due to the high costs of such an enterprise.
Fortunately, costs of sequencing are rapidly
decreasing, and it is thus to be expected that
studies of the association between rare variants
and lung function will become available in the
near future.

As explained earlier, adult lung function is
determined by a combination of the level of lung
function present at birth and the deficits in lung
function growth that emerge during the different
phases of postnatal development and senescence.
GWAS of lung function have included mixed
populations of children and adults, and it is thus
not possible to know if the genetic variants iden-
tified in these studies are determinants of the
“basal” lung function that tracks with age from
birth or of the deficits in lung function growth (or
accelerated decline) occurring in postnatal life.
This issue is a complex one to address because it
requires the availability of a rather large popula-
tion in which both newborn and postnatal lung
function has been reliably tested. Kreiner-Møller
et al. (22) measured lung function at birth and at
seven years of age in 284 children of asthmatic
mothers and assessed the association between
indices from these measurements and a compos-
ite score of genetic risk, calculated based on some
of the reported SNPs for adult FEV1/FVC ratio
and FEV1 described earlier, as the number of risk
alleles weighted on the effect size reported in the
original adult studies. They reported that the gen-
etic risk scores were not significantly associated
with lung function measures at age one month,
but the genetic risk score for adult FEV1/FVC was
significantly associated with reduced forced
expiratory volume at 50% of vital capacity
(FEF50) at age seven years and similarly with
reduced growth in FEF50 from birth to age seven
years. These results thus suggested that a signifi-
cant proportion of the variance explained by the
GWAS studies may reflect deficits of lung func-
tional growth that occur after birth. However, this
result may be influenced by the fact that all chil-
dren in this study had mothers with asthma, and
it is thus plausible to surmise that these children
may be more likely to have asthma, with associ-
ated deficits in lung functional growth associated

with the disease. Larger studies involving
unselected general populations are needed to fur-
ther elucidate these complex issues.

It is also still possible that there are common
genetic variants with meaningful effects that are
not detected by the current GWAS chips. This
could be the case for common variants that are
not included and are not correlated (in technical
terms: not in “linkage disequilibrium”) with the
large number of SNPs included in those chips. An
interesting example is vascular endothelial growth
factor A (VEGFA). VEGFA is known to play a
major role in the regulation of airway and alveolar
growth in utero. Reduction of VEGF expression
during fetal life is known to impair lung micro-
vascular, airway, and airspace maturation in mice
(23,24). Simpson et al. reported that genetic vari-
ants not present in available GWAS chips, and not
correlated with variants included in those chips,
were associated with lung function measured
shortly after birth, during childhood, and up to
adult life (25). The most strongly associated vari-
ant, rs305028, appeared to alter splicing and affect
the balance between the inhibitory (VEGF-
A165b) and active (VEGF-A165a) isoforms of
the molecule. In summary, genetics plays a major
role in determining the distribution of lung func-
tion in the general population, and these effects
can be detected even shortly after birth.

Prematurity and Lung Function
There is increasing evidence that premature birth
is associated with significant respiratory sequelae,
both in terms of respiratory morbidity and long-
term alterations in lung function. Data from a
small number of adolescents and young adults
born before 1973 and who developed broncho-
pulmonary dysplasia (BPD) showed that 68%
had airway obstruction, as demonstrated by an
abnormally low FEV1, and 24% had fixed airflow
limitation (26). A Dutch study followed forty-two
children born in 1983 with a gestational age of
less than thirty-two weeks and/or a birth weight
under 1,500 g up to the age of nineteen years
(27). As compared to controls, former premature
subjects had significantly lower FEV1 and a
decreased diffusing capacity. Although the
authors claimed that there were no differences
in lung function between preterms that had or
did not have a history of BPD, the numbers
of subjects were probably too small to justify
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definitive conclusions (28). In a study of all
singleton infants born in Sweden in 1973–1979
(n = 622,616) and followed up to early adult life,
Crump et al. (29) reported that those born
extremely premature (twenty-three to twenty-
seven weeks gestation) were 2.4 times more likely
(adjusted 95% CI: 1.41–4.06) to be prescribed
asthma medications in 2005–2007 than those
who were born at term. No association was
found between later preterm birth (twenty-
eight–thirty-two or thirty-three–thirty-six weeks
gestation) and asthma medications in young
adulthood.

Subjects included in these three studies were
born before the availability of surfactant for
therapeutic use. More recent surveys have
assessed long-term sequelae of current graduates
of neonatal intensive care, in whom BPD is most
often observed in extremely premature infants
who have been treated with surfactant and also
with gentler ventilatory regimens than in the past.
Anatomical studies indicate that this so-called
“new BPD” is characterized by decreased inci-
dence of airway fibrosis (30), suggesting the pos-
sibility that the long-term impairment in airway
function in these children may be less severe than
that observed in former preterms from the
presurfactant era. Friedrich et al. (31) showed that
healthy infants born prematurely had decreased
forced expiratory flows and normal forced vital
capacities during the first and second years of life.
Based on their finding that increase in lung func-
tion with growth was similar to those observed in
full-term children, they speculated that premature
birth is associated with altered lung function
development that may persist beyond the first
years of life. Fawke et al. (32) reported the results
of lung function measurements at age eleven in
182 participants enrolled in the EPICure Study,
which included all children born at or less than
twenty-five full weeks of gestation in the United
Kingdom and Ireland between March and
December 1995. They found that, as a group
and compared with appropriate controls, these
children had significantly lower mean ± SE pre-
bronchodilator FEV1 (83 ± 14% predicted vs. 100
± 12% predicted) and FEV1/FVC ratio (86 ± 0.1%
vs. 79 ± 0.1%).

Interestingly, alterations were most severe
among participants with prior BPD (71% of entire
cohort): mean ± SE values were 80 ± 13% pre-
dicted and 78 ± 10% for FEV1 and FEV1/FVC

ratio, respectively. Reports of asthma-like symp-
toms were also higher in all preterms, but espe-
cially among those with BPD. These results have
been recently confirmed by a longitudinal study
of children with BPD followed up to a mean age
of 9.5 years (33), which also showed a mild
restrictive component (i.e., a significant decrease
in FVC) in these children.

A recent meta-analysis (34) assessed all
available studies in which FEV1 was assessed
in later life in preterm-born subjects, with or
without BPD, compared with term-born con-
trols. Fifty-nine studies were included. Former
preterm-born subjects without BPD, those with
BPD with supplemental oxygen requirement
at twenty-eight days, and those with BPD with
supplemental oxygen dependency at thirty-six
weeks postmenstrual age had deficits in size-
adjusted FEV1 of 7.2%, 16.2%, and 18.9%,
respectively, when compared with term-born
controls. Pooled mean % predicted FEV1 for
all subjects included in the different studies
was 91% (95% confidence interval 88.8% to
93.1%) for preterm born subjects without BPD,
83.7% (80.2% to 87.2%) for BPD with supple-
mental oxygen requirement at twenty-eight
days, and 79.1% (76.9% to 81.3%) for BPD with
supplemental oxygen dependency at thirty-six
weeks postmenstrual age.

Few studies have studied lung function longi-
tudinally to determine if there is any improve-
ment during childhood in children with different
degrees of prematurity. Filbrun et al. (35) assessed
lung function on two occasions in preschool chil-
dren with a history of BPD. They confirmed that
these children had a marked obstructive spiro-
metric pattern with, in addition, a modest restrict-
ive component. In the group as a whole, maximal
flows and volumes tracked with age, thus suggest-
ing no apparent catch-up growth in lung func-
tion. However, children with above average
somatic growth during the interval between the
two tests showed improvement in both restrictive
and obstructive pattern as compared with their
peers with less somatic growth. This finding
strongly supports the contention that aggressive
postnatal nutritional care may have a favorable
effect on the respiratory outcome of children with
a history of BPD (36). Using data from the Avon
Longitudinal Study of Parents and Children
(ALSPAC), spirometric indices were compared
at eight to nine years of age (n = 6705) and
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fourteen to seventeen years of age (n = 4508)
between term-born children and those born after
twenty-five to thirty-two, thirty-three to thirty-
four, and thirty-five to thirty-six weeks gestation,
respectively (37). No significant deficits in any
lung function measurements were found among
children born after thirty-five to thirty-six weeks
at either age eight to nine or fourteen to seventeen
years. At eight to nine years of age, FEV1, but not
FVC, was significantly lower, in the twenty-five-
to thirty-two-week gestation group compared
with the term group. At this same age, FEV1
and FVC were significantly lower in the children
born after thirty-three to thirty-four weeks gesta-
tion as compared with the term group. Mean
deficits compared with term infants after adjust-
ment for age, gender, and height were 143 mL for
FEV1 and 98 mL for FVC in the thirty-three- to
thirty-four-week gestation group and 121 mL for
FEV1 and 65 mL for FVC in the twenty-five- to
thirty-two-week gestation group. At fourteen to
seventeen years, FEV1 and FVC were no longer
significantly different in the thirty-three- to
thirty-four-week gestation group as compared
with term infants. Implied in this finding is the
possibility that the lung function deficits observed
early in life in these late preterm children could
improve with time. In addition, the finding that
both FEV1 and FVC were affected suggested that
prematurity may be not only be associated with
an obstructive respiratory defect but also with a
restrictive one.

It is plausible to surmise that, as is the case for
other young adults who do not reach their highest
possible level of lung function in early adult life,
adults born extremely premature should also be
more susceptible to the effects of active cigarette
smoking and other harmful exposures. Surpris-
ingly, there are no studies assessing the specific
effects of either smoking (passive or active) or air
pollution on rates of decline in lung function
among extremely premature children.

In summary, and given that lung function
tracks markedly with age, it is likely that a large
proportion of extremely premature infants, and
especially those with BPD, will reach adult life
with 10–20% lower levels of FEV1 as compared
to their age peers. With the normal decline of
lung function that occurs with aging, these chil-
dren are thus at high risk of reaching the critical
level of airflow limitation that would classify
them as having COPD. There is some evidence

that extreme prematurity and BPD may also be
associated with a restrictive spirometric profile
(33,35); such a profile, when present in adults,
has been shown to increase subsequent risk for
cardiovascular death (38). Mild to moderate
prematurity is associated with modest changes
in lung function, which may not have major
impact on the risk for chronic respiratory
impairment later in life.

Genetics of BPD
Although the association of extremely premature
birth, and especially that associated with BDP, to
subsequent impairment in lung function is clearly
established, not all extremely premature infants
go on to develop BPD. This raises the possibility
that genetic factors may predispose to the devel-
opment of BPD and, therefore, to the deleterious
long-term respiratory outcomes associated with
extreme prematurity. Comparisons of concord-
ance for complex diseases such as BPD among
monozygotic and dizygotic twins provide a strong
tool to assess the role of genetic factors in the
development of these diseases. Two studies (39,
40) that have addressed this issue yielded similar
results: Concordance of BPD was significantly
higher among monozygotic than among dizygotic
twins, with a calculated heritability (i.e., the pro-
portion of the variability of the trait that is
explained by genetic factors) of between 53 and
80%. To determine which genetic variants may
explain this striking role of hereditary factors on
BPD, GWAS have been recently attempted. In
these studies, the frequencies of hundreds of
thousands of SNPs distributed across the whole
genome are compared between affected subjects
and appropriate controls. Hadchouel et al. (41)
assessed a relatively small number of infants (n =
418) born after < 28 weeks gestation of European
and African ancestry, of whom 22% developed
BPD. Genetic variants in only one gene, SPOCK2
on chromosome 10q22.1, were found to be sig-
nificantly associated with BPD in both ancestries,
and results were replicated in a third population
in Finland. Although the observed odds ratios
for the most strongly associated SNP (rs1245560:
3.0 among Whites and 4.9 among Blacks, respect-
ively) are high for these types of studies, the
proportion of the total variance explained by
this SNP was very low. SPOCK2, also called
Testican-2, is a member of the testican group of
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extracellular chondroitin and heparan sulfate pro-
teoglycans. Studies in rats showed that SPOCK2 is
expressed in the developing rat lung and that
mRNA levels changed with stages of lung devel-
opment. SPOCK2 expression was low during the
canalicular and saccular stages of rat lung devel-
opment and increased significantly at the begin-
ning of alveolarization, remaining high until the
alveolarization was completed. It has been sug-
gested that this pattern of expression may be
consistent with the involvement of SPOCK2 in
the control of septation (42). Interestingly,
SPOCK2 was recently found to play an active role
in the transdifferentiation of surfactant-
producing pulmonary alveolar epithelial type II
(AT2) cells into type I (AT1) cells (42). These
results thus seemed to provide support to the
contention that genetic studies could provide
clues to the pathogenesis of BPD and also poten-
tial therapeutic targets for the prevention of BPD
and of the deficits in lung function that are often a
long-term sequelae of the disease.

A more recent GWAS, however, yielded dis-
appointing results. The new study (43) included
1,726 very low-birth-weight infants with a gesta-
tional age of twenty-five to less than twenty-nine
weeks who had a minimum of three days of
intermittent positive pressure ventilation and
were in the hospital at thirty-six weeks post-
menstrual age. At that age, BPD cases (52%)
required continuous supplemental oxygen and
were defined as having BDP, whereas controls
(48%) did not. Almost 1.8 million SNPs were
successfully genotyped, and none showed signifi-
cant genome-wide association with BPD status
(preestablished at p ≤ 5 × 10–8). Moreover, SNPs
identified in both candidate gene studies and
GWAS, including those in SPOCK2, could not
be replicated. There are many possible explan-
ations for these discrepancies between studies,
including (among others) differences in the def-
inition of the phenotypes, insufficient power, and
inclusion of subjects from different ethnic back-
grounds. The negative study by Wang et al., for
example, included mostly children born in the
United States of Hispanic/Mexican origins. There
is strong evidence that different sets of genetic
variants and genes may determine susceptibility
of the same phenotypes in Mexican-Americans,
who as a group show evidence of European–
Native American admixture, as compared with
subjects of European origins (44,45). As has been

the case for most other complex phenotypes, the
genetic variants that explain most of the “hidden
heritability” of BPD remain to be ascertained, and
their identification may require large, whole
genome sequencing studies.

Lung Structure and Function in
Animal Models of Premature Birth
and BPD
Preterm sheep and baboons have been used to
develop experimental models of both BPD, asso-
ciated with the requirement for neonatal mechan-
ical ventilation, and preterm status per se, in the
absence of respiratory support. In models of BPD,
observed pathological changes are similar in pre-
term infants with BPD: Chronically ventilated pre-
term baboons and preterm lambs show alveolar
simplification, persistent smooth muscle hyper-
trophy of both pulmonary arterioles and small
airways (46). The main factor determining alveo-
lar simplification is insufficient growth of second-
ary septa from the walls of the saccules, which in
turn decreases the number of alveoli and the air-
space surface area for gas exchange. Elastin syn-
thesis plays a major role in septa growth, and it has
been shown that elastin synthesis is continuously
upregulated in chronically ventilated preterm
baboons and preterm lambs (47). Decreased alveo-
larization in baboon models of BPD has been
shown to persist up to thirty-three weeks, which
corresponds to approximately two years of age in
humans (48). In addition, these animals show
stunted development of septal capillaries and
thickened airspace walls, which could explain the
restrictive spirometric pattern observed in some
studies of adult with a history of BPD.

Baboon and lamb models of preterm birth
followed by mechanical ventilation also shed light
on the development of chronic airflow limitation
that is observed in many survivors of BPD.
Indeed, these animals have increased airway
expiratory resistance and lower lung compliance.
The main histopathological change associated
with these functional impairments is increased
accumulation of airway smooth muscle and a
thickened airway wall (46).

Fewer studies have used animal models to
study the association of prematurity per se in
the absence of any ventilatory requirement, with
the subsequent development of respiratory
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impairment. In sheep, these studies are limited to
animals delivered two weeks premature (at
133 days gestation), the earliest gestational age at
which mechanical ventilation is not required (49).
Respiratory system compliance was not different
at term equivalent age in preterm lambs as com-
pared with term lambs, but was higher in preterm
lambs at six weeks post-term-equivalent age. Pul-
monary resistance was slightly, but not signifi-
cantly, higher in preterm lambs than in controls
at term-equivalent age, but this difference was no
longer present at age six to eight weeks post-term
age. Alveolar septa were 33% thicker and the
blood–air barrier was 26% thicker in preterm
lambs than in controls at term-equivalent age
and remained thicker at six weeks post-term-
equivalent age. In preterm lambs, the airway epi-
thelium was also thicker at term-equivalent age
and at six weeks post-term-equivalent age (50).
These studies thus confirm the conclusion
reached from studies in humans that mild to
moderate preterm birth by itself is associated with
only mild disruption of lung and airway structure
(51), which does not seem to have clinically
important long-term functional consequences
during childhood and adult life.

IntrauterineGrowthRetardationand
Lung Function
The role of an adverse intrauterine environment
on subsequent lung function and COPD risk has
been an essential component of the “fetal origins”
hypothesis first proposed by Barker (52). It is
reasonable to assume that the mechanisms
responsible for potential harmful effects on lung
growth would be different between premature
birth and intrauterine growth retardation (IUGR)
associated with malnutrition or other noxious
exposures occurring during pregnancy such as
maternal smoking. In many studies addressing
this issue, however, either gestational age was
not available or birth weight was directly related
to subsequent lung function, without attempting
to specifically determine the separate roles of pre-
maturity and IUGR. A meta-analysis (53) of nine
studies among adults showed a positive associ-
ation between birth weight and FEV1, with
FEV1 increasing by 0.048 l (95% CI 0.026 to
0.070) for each increase of 1 kg birth weight. More
recently, Hancox et al. (54) related birth weight to
lung function at age thirty-two years in a birth

cohort in Dunedin, New Zealand. Birth weight
was not significantly associated with either FEV1
or FVC when the latter were adjusted for height
and sex, although the coefficient for FEV1 was
very similar to that reported in the previous meta-
analysis (50 ml, 95% CI –8 to 120).

A few studies have specifically assessed lung
function across the life span in small-for-gesta-
tional-age (SGA) children and compared results
with those for their appropriate-for-gestational-
age (AGA) peers. Results of a study of SGA
(<10th percentile birth weight for gestational
age) infants suggested that both flows and
volumes derived from flow-volume loops meas-
ured with the raised volume technique were sig-
nificantly lower than those of AGA infants after
adjusting for relevant maternal and infant charac-
teristics (55). In a study limited to premature
children, mean airway resistance was found to
be significantly higher at ages six to twenty-four
months in thirty-one SGA infants with a mean
gestational age of thirty-one weeks as compared
to their AGA peers with a mean gestational age of
twenty-eight weeks (38 vs. 34 cmH2O/L*s,
respectively, p = 0.004) (56).

Deficits in lung function in SGA individuals
have also been reported in two large studies in
older children. Rona et al. (57) first suggested that
children ages five to eleven who were SGA at birth
had significantly lower lung function than AGA
children. They estimated that the difference in
expected FEV1 between two children with thirty-
eight weeks of gestation (expected birth weight of
3,300 g), but one having a birth weight of 2,500 g
and the other 3,500 g, would be 26 mL, or 1.7% of
the expected FEV1. In the ALSPAC study quoted
earlier (34), term children ages seven to eight years
who had showed evidence of intrauterine growth
retardation at birth had mean deficits of 50 mL for
FEV1 and 40 mL for FVC, adjusted for height, age,
and sex, when compared with AGA children.
Observed deficits were statistically significant, con-
sistent, but relatively modest in both studies. There
are no reports that have specifically assessed the
association between SGA status and adult lung
function.

Of interest is the possibility that, as was sug-
gested for prematurity, deficits in lung function
associated with IUGR could improve with time.
Catch-up growth does occur between birth and
puberty in many SGA children, and it is possible
that lung function may also improve in these
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children more than in those with no catch-up
growth. In support of this contention, Suresh
and coworkers compared lung function at age
twenty-one years in subjects with IUGR at birth,
that is, those in the lowest quintile for birth
weight (58); no apparent adjustment was made
for gestational age. Within the IUGR group, both
FVC and FEV1 were significantly higher in chil-
dren who showed catch-up growth than in those
who did not, and this was true for catch-up
growth assessed between birth and five years and
between birth and fourteen years. This raises the
possibility that aggressive nutritional care during
childhood may reverse the significant effects of
IUGR on long term-lung function up to adult life.

Role of Malnutrition and Exposure to
Tobacco Smoke
Two known causes of IUGR in humans and their
potential role in susceptibility to chronic respira-
tory impairment have been thoroughly studied:
maternal malnutrition, which still affects a sig-
nificant proportion of the population in the
developing world; and maternal smoking during
pregnancy. In the case of maternal malnutrition,
the Dutch famine of 1944–45 has provided the
most important clues. The Dutch famine was a
circumscribed episode of severe human starva-
tion that occurred during a six-month period
lasting from October 1944 to May 1945 (59).
At the height of the famine, from December
1944 to April 1945, the official daily rations
varied between 400 and 800 kcal. Studies using
records from that period show that subjects who
were exposed to the famine during late and mid-
gestation had a lower birth weight, body length,
and ponderal index (weight divided by the cube
of length) and smaller heads. However, paradox-
ically, those exposed to famine in early gestation
had a higher weight and body length at birth
than nonexposed subjects (60). That there may
be catch-up lung growth during malnourished
pregnancies seems to be corroborated by experi-
mental studies. Protein restriction during preg-
nancy in mice resulted in fetuses with impaired
branch morphogenesis (day 12 of gestation)
but by day 13, rapid recovery had already
occurred (61).

In a study of survivors of the Dutch famine,
lung function was successfully measured in
733 individuals age 50 whose mothers had been

subjected to severe food restrictions during preg-
nancy. There was no difference in any spirometric
parameter between subjects exposed to famine in
utero and those not exposed (60). A more recent
study assessed the impact on COPD of exposure
to the Dutch famine during postnatal life (62).
Women who reported to be exposed to moderate
or severe famine were significantly more likely to
have been hospitalized for COPD by a mean age
of 60 years than their age peers not exposed to
famine. These effects were particularly noticeable
(and only significant) among women who were
active smokers, suggesting that postnatal malnu-
trition may increase susceptibility to the deleteri-
ous effects of smoking.

The potential role of vitamin D deficiency
during pregnancy on fetal lung growth and sub-
sequent lung function has been the subject of
intense scrutiny during the last decade. Vitamin
D is known to play a role in alveolar growth in the
embryo and fetus, and thus, vitamin D deficiency
during pregnancy could plausibly affect lung
function in the offspring. Older studies in rats
(63) showed that offspring of mothers deprived
of vitamin D during pregnancy had lower lung
volumes and decreased lung compliance at fifty
days postnatally when compared with offspring of
mothers receiving usual doses of vitamin D. More
recent studies showed increased bronchial
responsiveness, decreased radial alveolar counts,
and increased linear intercepts in offspring rats of
vitamin D deficient pregnancies (64). In humans,
no association was found between vitamin
D levels in the mother at thirty-six weeks gesta-
tion and their offspring’s mean FEV1 at age six to
seven years (65). Likewise, no association was
reported between cord blood levels of vitamin
D and lung function assessed repeatedly during
the first seven years of life in a newborn cohort of
children at high risk for asthma in Denmark (66).
In the only clinical trial currently available,
180 pregnant women were randomized at
twenty-seven weeks gestation to either no vitamin
D, 800 IU ergocalciferol daily until delivery, or a
single oral bolus of 200,000 IU cholecalciferol.
Supplementation improved but did not optimize
vitamin D status. There was no difference
between groups in lung function, as assessed by
impulse oscillometry, or in any other respiratory
outcome at age three (67). Larger, ongoing ran-
domized trials evaluating the effects of vitamin
D supplementation during pregnancy are likely
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to provide more definitive answers in establishing
the clinical significance of maternal vitamin
D levels during pregnancy on lung function and
asthma risk in their offspring(68).

Similar to vitamin D, vitamin A is known to
influence alveolar and airway growth in fetal life.
In a major study of vitamin A supplementation
during pregnancy in Nepal, lung function was
assessed at ages nine to thirteen years in children
whose mothers had received weekly oral supple-
mentation with either 7,000 μg retinol equivalents
of vitamin A, 7000 μg retinol-equivalents of beta
carotene, or placebo (69). Of note, this was a
chronically undernourished population prior to
initiation of the trial. Spirometry was performed
in 1,371 offspring of the participating mothers.
Children whose mothers had received vitamin A,
but not those whose mothers had received beta
carotene, had mean FEV1 and FVC levels that were
significantly higher than those of children whose
mothers had received placebo. The improvements
in lung function (46 mL for both FEV1 and FVC)
with vitamin A treatment amounted to a 2.6%
and 2.9% improvement in FEV1 and FVC, respect-
ively, which should be considered clinically
meaningful.

The effects on lung function of exposure to
tobacco smoke in utero and postnatally have been
the matter of considerable research during the
last thirty years. Experimental studies in animal
models have convincingly shown that fetal expos-
ure to nicotine negatively affects lung and airway
development, reducing surface complexity of the
lung parenchyma and increasing collagen depos-
ition in the airways (70). In 1998, Cook and
Strachan summarized the results of twenty-one
studies comparing spirometric indices in children
by exposure to parental smoking (71). They con-
cluded that the reduction in FEV1 in children
exposed to parental smoking compared with
those not exposed was 1.4% (95% CI 1.0 to 1.9).
These effects were considered “modest but statis-
tically significant.” Studies that distinguished
between maternal and paternal exposure indi-
cated that most of the effects were due to expos-
ure in utero and during the neonatal period.
Studies performed after 1998 have, in general,
confirmed that children exposed to tobacco
smoke in utero do have alteration in lung func-
tion, but the nature of these alterations differs
from study to study. Hollams and coworkers
(72), for example, assessed lung function at age

fourteen years in participants in a birth cohort in
Perth, Australia. They found that offspring of
mothers who smoked during pregnancy had
similar FEV1 but larger FVC compared to those
whose mothers did not smoke; as a consequence,
diminished FEV1/FVC ratio was found in those
exposed.

Whether effects of parental smoking persist
into adult life has not been thoroughly explored.
As part of the European Community Respiratory
Health Survey, Svanes, et al. assessed lung func-
tion in 15,901 adults age twenty to forty-five who
self-reported about the smoking habits of their
parents (73). Adults who reported a history of
maternal smoking during pregnancy had FEV1/
FVC ratios that were 0.9% lower than those
who did not (p < 0.001). Interestingly, they were
also more likely to have chronic bronchitis and
wheeze, but not asthma than their age peers not
exposed to smoking during pregnancy. Guerra
et al. (74) studied 519 adults enrolled in the
Tucson Children’s Respiratory Study. They found
no association between parental smoking during
childhood, assessed longitudinally, and adult lung
function up to age twenty-six years, but the study
was not powered to detect the small effects
reported in the much larger study described
earlier by Svanes et al. However, they did notice
that adults who had been exposed to parental
smoking and were themselves active smokers
had levels of lung function that were significantly
lower than those of control subjects exposed to
neither, whereas those who were either exposed
to parental smoking or smoked themselves, but
not to both, had levels of lung function that were
not different from those of controls. This sug-
gests that an important sequela of exposure to
tobacco smoke in utero and during the growing
years may be increased susceptibility to noxious
exposures in adult life.

Conclusions and Future Directions
Solid evidence suggests that lung growth during
fetal and early postnatal life is one of the
strongest determinants of adult lung function.
Genetic variation plays a critical role in deter-
mining maximal lung function reached in adult
life. Factors that affect lung growth such as
extreme prematurity with BPD, IUGR, exposure
to tobacco smoke in utero and postnatally, and
vitamin A and D deficiencies also play varying
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roles in determining lung function. However,
catch-up growth seems to be able to reverse
the negative effects of some of these conditions.
Individuals who reach early adult life with lower
levels of lung function are at increased risk of
developing COPD during the decline phase of
lung function after the third decade of life and
may also be more susceptible to the deleterious

effects of active cigarette smoking. Future stud-
ies are needed to better identify children at risk
for an early onset of chronic lung disease as well
as susceptibility factors that contribute to dis-
ease progression. Such insights may lead to
novel interventional strategies to reduce the
burden of chronic respiratory disorders in
adult life.
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Chapter

17
The Lung Structure Maintenance
Program: Sustaining Lung Structure
during Adulthood and Implications for
COPD Risk

Norbert F. Voelkel andMasahiro Sakagami

Abstract
During lung development, alveolarization and the formation of the vast capillary network require
the coordinate interactions of several growth factors during different stages of lung organ
building; prominent among those are FGF10, PDGF, and epithelially secreted VEGF. Effective
VEGF signaling is also required for the structure maintenance of the adult lung, as genetic
modifications in mice and VEGF receptor blockade in adult rats lead to emphysematous airspace
enlargement. The remarkable dependence of lung microvascular endothelial cells for their
survival on autocrine VEGF signaling is illustrated in the lungs from patients with endstage
COPD/emphysema; examination of such lungs shows severely decreased expression ofVEGF and
of VEGF receptor 1 and 2 proteins and of the VEGF gene upstream transcription factor HIF1
alpha. Copper is required for angiogenesis, and copper depletion causes emphysema in rodents.
Thus copper is participating in the maintenance of the adult lung structure also because of its
requirement for the activity of the collagen-crosslinking enzyme lysyl oxidase and the oxidant
defense enzyme CuZn SOD. In addition, the “sphingosine-1-phosphate/ceramide rheostat” plays
a role in the homeostasis of the lung structure. Taken together, this chapter provides the
background and the rationale for concepts that can explain how genetic defects and environ-
mental challenges can jeopardize the homeostatic lung structuremaintenance program and cause
destructive lung diseases in the adult.

Keywords:
Lung structure maintenance, emphysema, VEGF, HIF1 alpha, HDAC, copper, lysyl oxidase,
ceramides

Introduction
Claude Bernard’s concept of homeostatic balances
that are innate to biological systems, “the milieu
interne,” provides an historical background for
the postulate supporting the existence of a main-
tenance program that sustains and supports struc-
ture of the normal adult lung. In addition, such a
program is likely built into the design of the adult
lung and utilizes mechanisms and “blueprints”
that have their origin during lung development.
This maintenance program (1, 2) is normally “on”
or active in the adult lung, but can be jeopardized
by environmental challenges, such as inhaled dust
and metal particles and endotoxins and nutri-
tional deficiencies due to insufficient dietary
supply of vitamins and trace metals. In addition,

there are likely genetic mechanisms that weaken
or modulate the lung maintenance program.

Formulation of the postulate that such a
lung structure maintenance program exists
(Figure 17-1) – although somewhat intuitive –
was initially prompted by the results of laboratory
experiments designed to selectively block vascular
endothelial growth factor (VEGF) signaling in adult
rats, which demonstrated loss of alveolar surface
area along with reduced vascular density (1–3).
Previous studies had suggested that VEGF regulates
endothelial cell survival (4,5), not only endothelial
cell growth. In addition, even brief disruption of
VEGF signaling after birth induced a developmen-
tal growth arrest of the distal airspace and
vasculature and caused sustained pulmonary hyper-
tension (3). Following our discovery that intact
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VEGF signaling was an essential element of normal
lung biology and required for the maintenance of
lung structure, further studies revealed an import-
ant role for several other maintenance factors,
which astonishingly appear to be linked in some
fashion to VEGF, as will be illustrated next.

Although gene deletion strategies designed to
knock out VEGF or its receptors confirmed the
central role of VEGF in vascular biology (6), it was
not obvious that the lung depends critically on
intact signal transduction mechanisms, which
follow binding of VEGF to its cognate receptors
and phosphorylation of its intracellular tyrosine
kinase (7). The first clue was themarked abundance
of the VEGF gene expression in the adult lung (7),
which led to questions regarding the potential func-
tional roles of VEGF signaling in the adult lung,
which in contrast with rapid lung growth during
development does not grow during adulthood. One
potential answer to this question was that VEGF
was necessary for “organ maintenance.” This
straightforward paradigm has recently been both
enriched and complicated by the discovery of mul-
tiple VEGF isoforms and soluble receptors, which
can influence VEGF signal transmission (8,9). In

addition, many cell types can generate and secrete
VEGF in the lung, including epithelial cells, vascular
smooth muscle cells, lymphocytes, mast cells and
macrophages, and important, lung microvascular
endothelial cells from which VEGF acts on
these endothelial cells in an autocrine fashion (10).
Thus, the lung microvascular endothelium gener-
ates its own survival/maintenance factor and may
further modulate airspace structure as well (Figure
17-2). In the following sections we will relate the

Taraseviciene-Stewart L, Voelkel NF. Molecular Pathogenesis of Emphysema. JCI, 2008 

Figure 17-1. An illustration of the concept of the lung structure maintenance program. There are several homeostatic balances
that contribute to lung cell growth and repair in response to environmental challenges. [Reproduced with permission from
Taraseviciene-Stewart, Voelkel J Clin Invest. 2008;118:394–402.

HIF-1α VEGF

Endothelial cell
VEGFR

nucleus

VEGF 
mRNA

Role of VEGF in the Autocrine Maintenance of Lung EC

Figure 17-2. VEGF is of central importance for the survival of
lung vascular endothelial cells. Microvascular lung endothelial
cells generate and secrete large amounts of VEGF protein,
which signals in an autocrine fashion.
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failure of the adult lung structure maintenance pro-
gram to the loss of lung capillaries and airspace
enlargement in COPD/emphysema.

Development of the Lung Vessels
Lung development follows the highly coordinated,
transcriptionally controlled complex interactions
between cells and cells and matrix. A “blueprint”
for pattern formation and branching morphogen-
esis exists in the primitive lung bud. Alveolariza-
tion and formation of the capillary network during
late fetal and postnatal life require diverse factors
such as platelet-derived growth factor (PDGF),
VEGF, and retinoic acid (11). Epithelial–
endothelial signal exchange is critical for the build-
ing of a functional blood/gas interface.

In fact, vascular ablation results in a perturbed
branching stereotypy and a flat branching morph-
ology (12). Interestingly, the design-controlling
role of the vasculature is independent of perfusion,
and apparently loss of vasculature perturbs the
spatial expression pattern of the key lung branch-
ing mediator, Fibroblast Growth Factor 10 (FGF
10) (12). VEGF 164 stimulates mouse branching
morphogenesis and increases the number of Flk-1
+ mesenchymal cells as well as the expression of
bone morphogenetic protein 4 (BMP-4) and sur-
factant protein C (13).

Remarkably, the pulmonary arterial wall is con-
structed radially, from the inside out, and there is
evidence for the formation of a capillary plexus via
distal angiogenesis (14,15) (Figure 17-3). The intri-
cate and simultaneous development of airways and
vessels during fetal life and, most important, their
interdependence is illustrated by the fact that

epithelial branches are invested with an endothelial
network that develops under the control of epithe-
lially secreted VEGF. Reduction of available VEGF
using a soluble VEGF receptor disrupts both capil-
lary network and epithelial branching, whereas
increased VEGF signaling stimulates vessel forma-
tion and airway branching (16).

At low fetal lung oxygen tension (23 torr),
mammalian target of rapamycin complex 1
(mTORC1) amplifies epithelial hypoxia-inducible
factor 1 alpha (HIF-1alpha)-induced epithelial
VEGF production and vasculogenic activity (17).
Another transcription factor upstream from
VEGF is peroxisome proliferator–activated recep-
tor gamma coactivator (PGC-1alpha) (18).
Whether PGC-1alpha is involved in hypoxic
stimulation of VEGF transcription in the fetal
lung is unknown; however, it has been reported
that FOXF1 is required for the formation of the
embryonic vasculature through regulation of
VEGF signaling in endothelial cells (19). Regard-
less, it is clear that HIF-1alpha, HIF-2alpha, and
VEGF play central and critical roles during lung
development. As discussed later, these same
actors play active roles in tissue destruction and
the pathobiology of emphysema in the adult lung.

Recently, Dr. Mark Krasnow’s laboratory dis-
covered alveolar progenitor/stem cells that coex-
press alveolar type 1 (AT1) and alveolar type 2
(AT2) cell markers, and that these bipotent pro-
genitors are the source of most, if not all, AT1 and
AT2 cells during lung development. Thereafter,
mature AT2 cells function as stem cells that are
intermittently activated for alveolar renewal and
repair (20). There are functional endothelial
colony-forming cells (ECFC) in human fetal and

Figure 17-3. Development of
pulmonary arteries in the mouse.
Embryonic day 10.5 shows a vascular
plexus that gives rise to the pulmonary
arterial tube. (Reproduced from Greif,
Kumar, Lighthouse, et al. Dev Cell.
2012;23:482–493 with permission).

305

The Lung Structure Maintenance Program



rat neonatal lungs that have repair potential (21).
c-Kit+/CD34+/VEGFR2+/Tie-2+ cells have also
been described as a putative endothelial progenitor
cell population in developing human lungs (22).

Can the Adult Lung Structure
Maintenance Program Fail?
To further advance the concept of the lung struc-
ture maintenance program, we need to provide an
experimental underpinning and search for
“experiments of nature,” such as genetic and epi-
genetic conditions, that support this concept. The
search for failure mechanisms began with the
remark of a pathologist who, while examining
lung tissue from a patient with severe COPD/
emphysema, stated: “Emphysema is boring, there
is just nothing there!” This “nothing there” or loss
of alveolar structures and hole formation in the
lung led to the hypothesis that alveolar cells
undergo apoptosis and disappear in emphysema
(23). We had been guided by a statement by the
late Gordon Snider that “elastin degradation gives
rise to emphysema, but not all airspace enlarge-
ments occur on such a background. Airspace
enlargement may result from a connective tissue
repair or growth process that is unable to preserve
the normal alveolar structure of the lungs” (23).
But the most important fact that argued for the
existence of an adult lung structure maintenance
program is the occurrence of emphysema in
patients that never smoked (24). A recent study
from Stockholm showed that low birth weight
and preterm birth are risk factors for adult
women to develop COPD (25). In this study,
women born before thirty-two weeks of gestation
had a hazard ration for obstructive lung disease of
2.7 (25). Although cigarette smoke is toxic to lung
cells, airspace enlargement occurs in nonsmokers
because the usually very robust response to
endogenous oxidant stress factors or/and the
response to low-grade environment stress such
as air pollution is weakened.

The Histone Deacetylase (HDAC)/
HIF-1alpha/VEGF Axis
The availability of a novel small molecule inhibitor
of the intracellular tyrosine kinase section of the
VEGF receptors 1 and 2 provided the opportunity
to directly test the hypothesis that VEGF was
required for the maintenance of the lung structure.

This hypothesis was first tested in adult (1) and
neonatal (3) rats. Animals were given the highly
lipophilic drug, Sugen 5416 (semaxinib), as a
single subcutaneous injection of a slurry. Four
weeks later, treated animals showed impressive
airspace enlargement and a dramatic loss of lung
vessels when assessed by angiography (1). Semax-
inib is presently in clinical use for the treatment of
renal cell carcinoma. The important findings were
that SU5416 decreased lung expression of
VEGFR2 and Akt-1 and that cotreatment of the
rats with a pan-caspase inhibitor prevented the
development of SU5416-induced emphysema (1).
In neonatal rat studies, animals were treated on the
first day after birth with this VEGFR inhibitor,
which markedly reduced alveolarization as well as
pulmonary arterial density (3). This study was the
first to demonstrate that angiogenesis is required
for normal postnatal alveolarization during devel-
opment, suggesting that impaired endothelial sur-
vival or function may contribute to developmental
disorders of lung hypoplasia, such as bronchopul-
monary dysplasia (3).

VEGF also commands antioxidant activity
and is antiapoptotic, as VEGF treatment upregu-
lates MnSOD and BCL-2 expression in endothe-
lial cells (26, 27). Kasahara et al. translated the
experimental findings to patient lung tissue
samples and found decreased VEGF and VEGF
receptor expression in lung tissue from patients
with end-stage COPD/emphysema (28). These
findings suggested that a first component or
factor that was both necessary and required for
the maintenance of the lung structure (e.g.,
VEGF) had been identified. This finding was sur-
prising in view of the fact that the major tran-
scription factor controlling VEGF gene
expression is HIF-1alpha, and that HIF-1 alpha
protein is stabilized by hypoxia. As many end-
stage COPD patients are hypoxic, we speculated
that there was either a transcriptional block,
assuming that the expression of HIF-1alpha pro-
tein was elevated in the emphysematous lungs, or
alternatively, that HIF-1alpha protein expression
was paradoxically decreased in the hypoxic lung.
Subsequent studies of tissue samples from banked
human COPD lungs demonstrated marked
reductions in VEGF and HIF-1 alpha gene and
protein expression in the emphysematous lung
tissue samples (29; Figure 17-4). Figure 17-5
shows the decreased expression of VEGF and
phosho-Akt, reflecting decreased signaling.
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Thus, the diminished expression of lung tissue
HIF-1 alpha, despite marked tissue hypoxia, was
paradoxical and begged for a mechanistic explan-
ation. Based on past studies suggesting key inter-
actions between p53 (the “guardian of the
genome”), HDAC and HIF-1alpha, HDAC 2
(Figure 17-4), and p53 protein expression were
measured in COPD lung tissue samples (29). Ito
and coworkers had examined lung samples from
human COPD/emphysema patients and found a
decreased expression and activity of HDAC pro-
teins (30). This in turn led to the question whether
experimental chronic inhibition of HDAC activity
would lead to experimental emphysema. This
indeed was shown in adult rats by Mizuno et al.
(31). As histone modifications are part of the epi-
genetic repertoire, cigarette smoke exposure of
lung cells, including endothelial cells, causes epi-
genetic changes that are partly dependent on
HDAC expression and activity. One consequence

of decreased HDAC expression in emphysematous
lungs may be the decreased HIF-1alpha gene
expression from end-stage COPD patients. If so,
HDAC is situated upstream in the hierarchy of
components that make up the adult lung structure
maintenance program (Figure 17-6). Indeed, when
the expression of the HDAC2 gene was experi-
mentally reduced in cultured lung cells, the expres-
sion of HIF-1alpha was downregulated, further
supporting the role for a HDAC à HIF-1alpha
à VEGF axis (29).

Copper and Sphingolipids
An experiment of nature, Menkes’ disease, which
is based on a mutation of the gene encoding a
copper transporter and impairs lung growth in
infants, inspired our experimental work on the
potential role for copper in the lung structure
maintenance program. A further inspiration was
the finding that the “blotchy mouse” carries the
identical gene mutation as found in children with

Figure 17-5. Expression of VEGF protein and the ratio of
phosphorylated/non-phosphorylated Akt in lung tissue
samples from patients with severe COPD/emphysema.
(Reproduced with permission from Yasuo, Mizuno, Kraskauskas,
et al. Eur Respir J. 2011; 37(4):775–783).

Figure 17-4. Expression of HDAC2 and HIF-1 alpha proteins
in lung tissue samples of patients with severe COPD/
emphysema. (Reproduced from Yasuo, Mizuno, Kraskauskas,
et al. Eur Respir J. 2011; 37(4):775–78 with permission).
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Menkes’ disease and that these mice develop
emphysema without additional challenges (32).
Copper is required for multiple metabolic activ-
ities, such as angiogenesis, collagen cross-linking
(the activity of lysyl oxidase), antioxidant defenses
(e.g., the activity of CuZn SOD), and transcrip-
tional activity of HIF-1alpha. A copper-depleted
diet or treatment with a copper chelator induced
severe emphysema and decreased transcriptional
activity of HIF-1 alpha in adult rats (32). Thus,
copper is likely an essential component of the
adult lung structure maintenance program.
A study of dietary habits suggests that a section
of the population is copper deficient (33), and
there is also a study that shows smokers are
copper deficient (34), as are patients with alpha-
1 antitrypsin deficiency (35).

Spiegel and her group have provided evidence
supporting the importance of sphingolipids in sev-
eral diseases and introduced the concept of a
sphingosine 1-phosphate /ceramide “rheostat.”
(36) In addition, Petrache and coworkers estab-
lished that lung tissue from COPD/emphysema
patients are enriched with ceramides, that smoking
induces human lung endothelial cell adaptation to
apoptotic stress, and that ceramide reduces cell
growth and induces apoptosis of lung endothelial
cells (37,38). Yasuo et al. (39) treated adult rats
with fenretinide, a synthetic derivative of retinoic
acid that enhances ceramide production, and
found that fenretinide caused emphysema. Inter-
estingly, these structural changes were associated
with an increase in the number of caspase-
expressing lung cells and a decrease in lung VEGF
protein expression. Concomitant treatment with
sphingosine-1 phosphate injections reduced
emphysema and restored lung HIF-1alpha,
HDAC2, and VEGF protein expression. Overall,

these experiments illustrate the importance of a
balanced sphingosine metabolism for cell survival
and growth in adult lung models of emphysema.

Conclusions and Future Directions
In this chapter, we develop the data to support the
concept of a complex system of interactive factors
that sustain homeostatic balance and provide an
environment that supports lung structure stability.
Genetic abnormalities or extrinsic challenges that
result in epigenetic alterations can disrupt the regu-
lation of cell growth and cell death. If we consider a
“hub and spoke model,” we can place the HDAC/
HIF-1alpha/VEGF interactions in the position of a
hub (Figure 17-6), which is connected with oxidant/
antioxidant, protease/antiprotease, apoptosis/cell
growth, and angiogenic/antiangiogenic mechan-
isms. Both deletion/depletion strategies and strat-
egies that generate damaging metabolites
demonstrate the importance of individual compon-
ents of these balances and their connections with the
hub. The concept of a lung structure maintenance
program (40) not only connects with the design and
building principles of developmental biology, but it
also points the way toward identifying molecular
targets for developing novel treatment strategies that
could protect the adult lung structure, prevent the
progression of COPD/emphysema and potentially
could be applied to repair injured lungs (41–43).
Examples of the experimental models with
dexamethasone-, SU5416-, and fenretinide-induced
emphysema should alert us to the possibility that
there may be drug-induced forms of lung tissue
destruction (44). Future studies are needed to fur-
ther define mechanisms of a lung maintenance pro-
gram and how disruption of these key pathways can
lead to COPD/emphysema in human disease.

Figure 17-6. Proposed roles of HDAC
2, HIf-1alpha and VEGF in the lung
structure maintenance program.
Reproduced with permission from
Mizuno, Yasuo, Bogaard, et al. Am J
Physiol Lung Cell Mol Physiol.
2011;300:402–413.
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