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Dedication

The seventh edition of this book is dedicated to Dr. Edwin
Lawrence Kendig, Jr., who died suddenly on February 18, 2003.
It was his vision that resulted in the publication of the first edition
nearly 40 years ago.

Born in 1911 in Victoria, Virginia, he graduated from 
the Hampden-Sydney College in 1932, where he was awarded
the Gammon Cup for character, scholarship, and athletics. In
1936 he graduated from the University of Virginia School of
Medicine, after which he trained in pediatrics at Bellevue Hospital
(New York), Johns Hopkins Hospital (Baltimore), and Babies
Hospital (Wrightsville Beach, North Carolina).

Dr. Kendig then settled in Richmond, Virginia, where he
enjoyed a long and distinguished academic career with a special
interest in childhood tuberculosis and sarcoidosis. He had the
foresight to realize the unique nature of, and the need for research
in, the field of pulmonary disease in children. In addition to his
work on this book, renamed Kendig’s Disorders of the Respiratory
Tract in Children beginning with the fifth edition, Dr. Kendig
contributed to academic pediatrics at the local, national, and
international levels. Indeed, his name became synonymous with
the subspecialty of pediatric pulmonology.

A retired professor of pediatrics at the Virginia Commonwealth
University’s Medical College of Virginia Hospitals, Dr. Kendig
was also past president of the Virginia State Board of Medicine,

the Virginia Pediatric Society, the Richmond Academy of Medicine,
and the American Academy of Pediatrics. For two decades, he
served as an official examiner for the American Board of Pediatrics,
where he spent 13 years lobbying for the creation of a sub-board
of pediatric pulmonology finally instituted in 1986.

Internationally, Dr. Kendig was well known not only for 
his work on this text but also for his many years of service as a
member of the standing committee of the International Pediatric
Association. During his career, Dr. Kendig was honored with
many tributes, including the Abraham Jacobi Award from the
American Academy of Pediatrics and the Distinguished Service
Award from the American Medical Association. In 2003 the
Medical College of Virginia created the Edwin Lawrence Kendig,
Jr., Professorship for Pediatric Pulmonary Diseases.

This textbook is Dr. Kendig’s legacy to the subspecialty of
pediatric pulmonology. We will miss his wise counsel and his
dedication to excellence.

Victor Chernick

Thomas F. Boat

Robert W. Wilmott

Andrew Bush
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Preface

Since the publication of the sixth edition in 1998, there have
been tremendous changes in the subspecialty of pediatric pul-
monology. We continue to be amazed by the pace of change and
the accumulation of new knowledge. There are now four editors,
who have shared the task of assembling chapters, cajoling authors,
and ensuring that the book is up-to-date and comprehensive. The
general organization of the book remains the same, but because
of the complexity of the topics of asthma and cystic fibrosis,
they have now graduated to sections of their own. The seventh
edition includes 21 new chapters and more than 80 new
authors; we thank them all for their hard work and diligence.

Our objective has expanded from that of the first edition. 
It is our goal to provide a comprehensive textbook of pediatric
respiratory disease for the established pediatric respirologist and
intensivist; for those who are in training in these subspecialties;
and for pediatric practitioners, residents, and interns. In addition,
the book is an important resource for roentgenologists, pediatric
allergists, thoracic surgeons, and students in allied specialties
with a particular interest in pediatric chest disease. Included are
both common and rare childhood disorders of the lungs, as well
as basic scientific considerations necessary for an understanding

of pulmonary disease processes and their effect on pulmonary
function. Edwin Kendig’s book has become the bible of pedi-
atric pulmonology, and we have strived to continue his tradition
in this edition, which is dedicated to his memory.

Once again, the members of the staff at Elsevier (Saunders)
have provided superb support, and we are grateful for their sound
advice, patience, and attention to detail. In particular, we thank
Kim J. Davis, senior developmental editor, who has been extremely
diligent and patient with us, and Todd Hummel, who has 
provided encouragement and sage advice.

Not least, we acknowledge the tremendous support, tolerance,
and forbearance of our partners and families, which have made
this volume possible.

Victor Chernick, MD

Thomas F. Boat, MD

Robert W. Wilmott, MD

Andrew Bush, MD
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General Considerations

1 Molecular Determinants
of Lung Morphogenesis
Jeffrey A. Whitsett, MD • Susan E. Wert, PhD

■ OVERVIEW

The adult human lung consists of a gas exchange area of approx-
imately 100 m2 that provides oxygen delivery and carbon 
dioxide excretion required for cellular metabolism. In evolu-
tionary terms, the lung represents a relatively late phylogenetic
solution for the efficient gas exchange needed for terrestrial 
survival of organisms of increasing size, an observation that may
account for the similarity of lung structure in vertebrates. The
respiratory system consists of mechanical bellows and conduct-
ing tubules that bring inhaled gases to a larger gas exchange 
surface that is highly vascularized. Alveolar epithelial cells come
into close apposition to pulmonary capillaries, providing efficient
transport of gases from the alveolar space to the pulmonary 
circulation. The delivery of external gases to pulmonary tissue
necessitates a complex organ system that (1) keeps the airway
free of pathogens and debris, (2) maintains humidification of
alveolar gases and precise hydration of the epithelial cell surface,
(3) reduces collapsing forces inherent at air-liquid interfaces
within the air spaces of the lung, and (4) supplies and regulates
pulmonary blood flow to exchange oxygen and carbon dioxide
efficiently. The present chapter will provide a framework for
understanding the molecular mechanisms that lead to the for-
mation of the mammalian lung, focusing attention to processes
contributing to cell proliferation and differentiation involved in
organogenesis and postnatal respiratory adaptation. Where pos-
sible, the pathogenesis of congenital or postnatal lung disease
will be considered in the context of the molecular determinants
of pulmonary morphogenesis and function.

■ ORGANOGENESIS OF THE LUNG

■ BODY PLAN

Events critical to organogenesis of the lung begin with formation
of anteroposterior and proximodistal axes in the early embryo.
The body plan is determined by genes that control cellular 
proliferation and differentiation and depends on complex 
interactions among many cell types. The fundamental principles

determining embryonic organization are currently and rapidly
being elucidated in more simple organisms (e.g., Drosophila
melanogaster and Caenorhabditis elegans) and applied to increas-
ingly complex organisms (e.g., mouse and human) as the genes
determining axial segmentation, organ formation, cellular pro-
liferation, and differentiation are identified. Segmentation and
organ formation in the embryo are profoundly influenced by
sets of master control genes that include various classes of tran-
scription factors. Critical to formation of axial body plan are the
homeotic, or Hox, genes.1–7 Hox genes are arrayed in clearly
defined spatial patterns within clusters on several chromosomes.
Hox gene expression in the developing embryo is determined 
in part by the position of the individual genes within these gene
clusters, which are aligned along the chromosome in the same
order as they are expressed along the anteroposterior axis.
Complex organisms have more individual Hox genes within
each locus and have more Hox gene loci than in simpler organ-
isms. Hox genes encode nuclear proteins that bind to DNA via
a conserved homeodomain motif that modulates the transcrip-
tion of specific sets of target genes. The temporal and spatial
expression of these nuclear transcription factors, in turn, control
the expression of other Hox genes and their transcriptional 
targets during morphogenesis and cytodifferentiation.8–15

Expression of Hox genes influences many downstream genes,
such as transcription factors, growth factors, and cell adhesion
molecules (CAMs), which are critical to the formation of the prim-
itive endoderm from which the respiratory epithelium is derived.
Specification of endoderm requires the activity of a number 
of transcription factors, including Foxa2,16–18 β-catenin,19,20

Sox-17,21,22 and GATA-6.23 These transcription factors are 
also expressed in respiratory epithelial cells of the lung later in
development when they play roles in cell differentiation and
organ function.

■ LUNG MORPHOGENESIS

Lung morphogenesis begins during the embryonic period of
fetal development as an outpouching of epithelial cells lining the

1
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laryngotracheal sulcus at the caudal end of the medial pharyn-
geal groove of the foregut endoderm.24 In the mouse, the lung
bud forms on day 9 of gestation, comparable with 3 to 4 weeks
of gestation in the human. The endoderm develops earlier in
embryogenesis with formation of the dorsal plate and primitive
notochord, which requires the expression of the transcription
factor forkhead homologue Foxa2, previously termed hepato-
cyte nuclear factor-3β (HNF-3β), a protein also involved in
differentiation and gene expression in the respiratory epithelium
later in development.16–18,25–31

Lung morphogenesis can be subdivided into distinct periods
on the basis of the morphologic characteristics of the tissue
(Table 1-1 and Figs. 1-1 and 1-2). While the timing of the
process is highly species specific, the anatomic events underlying
lung morphogenesis are shared by all mammalian species. The
reader is referred to several reviews that detail anatomic devel-
opment of the human lung.32–36

The Embryonic Period 
(3–6 Weeks Postconception)

Relatively undifferentiated epithelial cells of the primitive
foregut endoderm form tubules that invade the splanchnic
mesoderm and undergo branching morphogenesis. This process
requires highly controlled cell proliferation and migration to
direct dichotomous branching of the tubules to form the main
stem, lobar, and segmental bronchi of the primitive lung (see
Fig. 1-1A; Fig. 1-2, E10, E11). The respiratory epithelium remains
relatively undifferentiated and is lined predominantly by colum-
nar epithelium in the embryonic period. Experimental removal
of mesenchymal tissue from the embryonic endoderm arrests
branching morphogenesis, demonstrating the critical role of mes-
enchyme in formation of the respiratory tract.37,38 Interactions
between epithelial and mesenchymal cells are mediated by a
variety of growth factors and associated receptors that regulate
gene transcription in differentiating lung cells. Epithelial-
mesenchymal interactions involve both autocrine and paracrine
signaling, which are critical to lung morphogenesis.39,40

Formation of the larger, more proximal conducting airways,
including segmental and subsegmental bronchi, is completed 
by the 6th week postconception; however, both epithelial and
mesenchymal cells of the embryonic lung remain relatively
undifferentiated. At this stage, tracheobronchial tubules 
lack underlying cartilage, smooth muscle, or nerves, and the

pulmonary and bronchial vessels are not well developed.
Vascular connections with the right and left atria are established
at the end of the embryonic period (6–7 weeks), creating the
primitive pulmonary vascular bed. Developmental anomalies
occurring during this period of development may include 
tracheal, laryngeal, and esophageal atresia, tracheal stenosis, pul-
monary agenesis, tracheoesophageal fistulas, and bronchial 
malformations.

Pseudoglandular Period 
(6–16 Weeks Postconception)

The pseudoglandular stage is so named because of the distinct
glandular appearance of the lung from 6 to 16 weeks of gesta-
tion. During this period, the lung consists primarily of epithe-
lial tubules surrounded by a relatively thick mesenchyme.
Branching of the airways continues, and formation of the ter-
minal bronchioles and primitive acinar structures is completed
by the end of this period (see Fig. 1-1A; Fig. 1-2, E13, E15).
During the pseudoglandular period, epithelial cell differentia-
tion is increasingly apparent; deposition of cellular glycogen and
expression of a number of genes expressed selectively in the dis-
tal respiratory epithelium is initiated. Surfactant proteins A, B,
and C are first detected at 12 to 14 weeks of human gesta-
tion.41,42 Tracheobronchial glands begin to form in the proximal
conducting airways. The airway epithelium is increasingly com-
plex, with basal, mucous, ciliated, and nonciliated secretory cells
being detected.32,33 Neuroepithelial cells, often forming clumps
of cells termed neuroepithelial bodies and expressing a variety of
neuropeptides and transmitters (e.g., bombesin, calcitonin-
related peptide, serotonin, and others), are increasingly apparent
along the bronchial/bronchiolar epithelium during this stage of
development. Smooth muscle and cartilage are now observed
adjacent to the conducting airways. The pulmonary vascular sys-
tem develops in close relationship to the bronchial and bronchi-
olar tubules between the 9th and 12th weeks of gestation.
Bronchial arteries arise from the aorta and form along the
epithelial tubules. Smooth muscle actin and myosin are found in
the vascular structures during this period of development.43–45 A
variety of congenital defects may arise during the pseudoglan-
dular stage of lung development, including tracheal-bronchio-
malacia, pulmonary sequestration, cystadenomatoid malforma-
tion, ectopic lobes, cyst formation, and congenital pulmonary
lymphangiectasia. The pleuroperitoneal cavity also closes early
in the pseudoglandular period. Failure to close the pleural cav-
ity, often accompanied by herniation of the abdominal contents
into the chest (congenital diaphragmatic hernia), leads to lung
hypoplasia.

Canalicular Period (16–26 Weeks)

The canalicular period is characterized by luminal expansion,
the formation of acinar structures in the distal tubules, thinning
of the mesenchyme, and formation of the capillary bed, which
comes into close apposition to the dilating acinar tubules 
(see Fig. 1-1B; Fig. 1-2, E17). By the end of this period, the 
terminal bronchioles have divided to form two or more respira-
tory bronchioles, and each of these have divided into multiple
acinar tubules, forming the primitive alveolar ducts and 
pulmonary acini. Epithelial cell differentiation becomes increas-
ingly complex and is especially apparent in the distal regions 
of the lung parenchyma. Bronchiolar cells express differen-
tiated features and synthesize Clara cell secretory protein
(CCSP).29,46–48 Cells lining the distal tubules assume cuboidal

■ TABLE 1-1. Morphogenetic periods of human lung
development

Period Age (Weeks) Structural Events

Embryonic 3–6 Lung buds, trachea, main stem, 
lobar, and segmental bronchi

Pseudoglandular 6–16 Subsegmental bronchi, terminal 
bronchioles, acinar tubules, 
mucous glands, cartilage, 
smooth muscle

Canicular 16–26 Respiratory bronchioles, acinus 
formation and vascularization, 
type I and II cell differentiation

Saccular 26–36 Dilation and subdivision of alveolar 
Alveolar 36–maturity saccules, increase of gas-exchange 

surface area, further growth 
and alveolarization of lung, 
maturation of alveolar capillary 
network



shapes and express increasing amounts of surfactant proteins
(SP-A, SP-B, and SP-C)29,41,49–52 and phospholipids.53 Lamellar
bodies, composed of surfactant phospholipids and protein, are
seen in association with rich glycogen stores in the cuboidal
pre–type II cells lining the distal lung tubules.49,54–57 Some 
cells of the acinus become squamous, acquiring features of 
typical type I alveolar epithelial cells. Thinning of the pulmonary

mesenchyme continues; the basal lamina of the epithelium and 
mesenchyme fuse. Capillaries surround the distal acinar tubules,
which together will ultimately form the gas exchange region of
the lung. By the end of the canalicular period in the human
infant (26–28 weeks), gas exchange can be supported after birth,
especially when surfactant is provided by administration of exoge-
nous surfactants. Surfactant synthesis and mesenchymal thinning
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■ FIGURE 1-1. A, Lung morphogenesis is initiated by the evagination of the lung bud into the surrounding splanchnic mesenchyme during the embryonic stage.
Bronchi, bronchioles, and acinar tubules are formed by the process of branching morphogenesis during the pseudoglandular stage. 
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are influenced by glucocorticoids,58–60 which are administered to
mothers to prevent respiratory distress syndrome (RDS) after
premature birth.61,62 Abnormalities of lung development occur-
ring during the canalicular period include pulmonary hypopla-
sia (caused by diaphragmatic hernia or compression by thoracic
or abdominal masses and prolonged rupture of membranes
causing oligohydramnios) and renal agenesis, in which amniotic
fluid production is impaired. While postnatal gas exchange can
be supported late in the canalicular stage, infants born during this
period generally suffer severe complications related to decreased
pulmonary surfactant, which cause RDS and bronchopulmonary
dysplasia, a complication secondary to the therapy for RDS.63

Saccular (26–36 weeks) and Alveolar Periods 
(36 Weeks through Adolescence)

These periods of lung development are characterized by in-
creased thinning of the respiratory epithelium and pulmonary
mesenchyme, further growth of lung acini, and development of
the distal capillary network (see Fig. 1-1B; Fig. 1-2, E18, P1, A).
In the periphery of the acinus, maturation of type II epithelial
cells occurs in association with increasing numbers of lamellar 
bodies and increased synthesis of surfactant phospholipids52,53,64

and SP-A, -B, -C, and -D.29,41,42,49,50,65 The acinar regions of the
lung increase in surface area, and proliferation of type II cells
continues.33 Type I cells, derived from differentiation of type II
epithelial cells, line an ever-increasing proportion of the surface
area of the distal lung. Capillaries become closely associated with
the squamous type I cells, decreasing the diffusion distance
between the alveolar gas and pulmonary capillaries. Basal lami-
nae of the epithelium and stroma fuse, and the stroma contains
increasing amounts of acellular matrix, including elastin and
collagen. The abundance of smooth muscle in the pulmonary
vasculature increases prior to birth. In human lung, the alveolar
period begins near the time of birth and continues through the
first decade of life, during which the lung grows primarily by
septation and proliferation of the alveoli,33,34,66 and by elonga-
tion and luminal enlargement of the conducting airways.
Pulmonary arteries enlarge and elongate in close relationship to
the increased growth of the lung.35 Pulmonary vascular resist-
ance decreases, and considerable remodeling of the pulmonary
vasculature and capillary bed continues during the postnatal
period.34 Lung growth remains active until early adolescence,
when the entire complement of more than 200 million alveoli
has been formed.
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■ FIGURE 1-1, cont’d. B, Formation of the capillary bed and expansion of acinar structures is initiated during the canalicular stage. Growth and subdivision
of terminal saccules and alveoli continue until early adolescence by septation of the distal respiratory structures to form additional alveoli.
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■ FIGURE 1-2. Mouse lung morphogenesis. Lung sections obtained from mice on embryonic days 10 (E10), 11 (E11), 13 (E13), 15 (E15), 17 (E17), and 18
(E18), postnatal day 1 (P1), and in adulthood (A) were stained for thyroid transcription factor-1, a marker for embryonic respiratory epithelial cells and 
differentiated type II cells. Mouse lung morphogenesis begins at E9.5 with outgrowth of paired lung buds from the foregut. Epithelium of the main stem bronchus
(E10, mb) is surrounded by splanchnic mesenchyme (E10, sm). During the pseudoglandular stage (E12–E16), two main stem bronchi undergo extensive branching
morphogenesis to form the conducting airways, including lobar bronchi (E11 and E13, lb), segmental bronchi (E13, sb), bronchioles (E15, b), and terminal lung
buds (E15, tlb). Terminal lung buds dilate to form canal-like structures during the canalicular stage (E17) and further dilate to form saclike structures during the sac-
cular stage (E18), near the end of gestation. After birth, the distal airways expand further and subdivide to form true alveolar structures (P1, A). Terminal bronchiole
(tb), respiratory bronchiole (rb), alveolar duct (ad), and alveolar sac (as) are illustrated in P1. Distal airway remodeling during the canalicular, saccular, and alveolar
stages is accompanied by thinning of the mesenchyme (notice the distance between the two arrowheads in E17, E18, and P1), differentiation of type I and type II
cells (T2 in E17, E18, P1, and A), and evagination of blood vessels. A complicated alveolar network is observed in adult lung (A). Bar = 64 μm. v, vessel. (Courtesy
of Dr. Lan Zhou.)
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■ CONTROL OF GENE TRANSCRIPTION DURING
LUNG MORPHOGENESIS

Numerous regulatory mechanisms influence cell commitment,
proliferation, and terminal differentiation required for forma-
tion of the mammalian lung (Fig. 1-3). These events must be
precisely controlled in all organs to produce the complex body
plan characteristic of higher organisms. In the mature lung,
approximately 40 distinct cell types can be distinguished on 
the basis of morphologic and biochemical criteria.67 Distinct
pulmonary cell types arise primarily from subsets of endodermal
and mesodermal progenitor cells (see Fig. 1-3). Pleuripotent or
multipotent cells receive precise temporal and spatial signals that
commit them to differentiated pathways, which ultimately gen-
erate the heterogeneous cell types present in the mature organ.
The information directing cell proliferation and differentiation
during organogenesis is derived from the genetic code contained
within the DNA of each cell in the organism. Unique subsets of
messenger RNAs (mRNAs), directing the synthesis of a variety
of polypeptides, are expressed in each cell type, ultimately 
determining cell proliferation, structure, and behavior. Unique
features of differentiating cells are controlled by the relative
abundance of these mRNAs, which, in turn, determine the 
relative abundance of proteins synthesized by each cell. Cellular

proteins influence morphologic, metabolic, and proliferative
behaviors of cells, characteristics that traditionally have been used
to assign cell phenotype by using morphologic and cytologic 
criteria. Gene expression in each cell is also determined by 
the structure of DNA-protein complexes that comprise the
chromatin within the nucleus of each cell. Chromatin structure,
in turn, influences the accessibility of individual genes to the
transcriptional machinery. Diverse extracellular and intracellular 
signals also influence gene transcription, mRNA processing,
mRNA stability, and translation, processes that determine the
relative abundance of proteins produced by each cell.

Only a small fraction of the genetic material present in the
nucleus represents regions of DNA that direct the synthesis of
mRNAs encoding proteins. There is an increasing awareness
that sequences in the noncoding regions of genes influence DNA
structure and contain promoter and enhancer elements (usually
in flanking and intronic regions of each gene) that determine
levels of transcription. The ongoing nucleotide sequencing and
identification of expressed complementary DNA (cDNA)
sequences encoded within the human genome provide increas-
ing insight into the amount of the genetic code used to synthe-
size the cellular proteins produced by each organ. At present,
nearly all of the expressed cDNAs have been identified and 
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■ FIGURE 1-3. Pulmonary morphogenesis is determined by the genetic code in the oocyte and involves the precise control of cell proliferation, differentiation, or
death of subsequent cells that ultimately form a complex organ containing more than 40 diverse cell types.
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■ FIGURE 1-2, cont’d



partially sequenced for most human organs.68 Analysis of these
mRNAs reveals distinct, and often unique, subsets of genes that
are expressed in each organ, as well as the relative abundance 
and types of polypeptides encoded by these mRNAs. Of inter-
est, proteins bearing signaling and transcriptional regulatory
information are among the most abundant of various classes 
of proteins in human cells. Organ complexity in higher 
organisms is derived, at least in part, by the increasingly complex
array of signaling molecules that govern cell behavior.
Regulatory mechanisms controlling transcription are listed 
in Figure 1-4.

■ TRANSCRIPTIONAL CASCADES/HIERARCHIES

Gene transcription is modulated primarily by the binding of
transcriptional factors (or transacting factors), which are nuclear
proteins that bind to regulatory motifs consisting of ordered
nucleotides (specific nucleotide sequences). The order of these
specific nucleotide sequences determines recognition sites within
the DNA (cis-acting elements) that are bound by these nuclear
proteins. The binding of transcriptional factors to the cis-acting
elements influences the activity of RNA polymerase II, which
binds, in turn, to sequences near the transcription start site of
target genes, initiating mRNA synthesis. Numerous families of
transcription factors have been identified, and their activities are
regulated by a variety of mechanisms, including post-translational
modification and interactions with other proteins or DNA, as
well as by their ability to translocate or remain in the nucleus.69,70

Transcription factors also activate the transcription of other
downstream nuclear factors, which, in turn, influence the expres-
sion of additional transacting factors. The number and cell
specificity of transcriptional factors have proven to be large and

are represented by diverse families of proteins categorized on 
the basis of structural motifs of their DNA binding or 
trans activating domains.71–73 These interacting cascades of 
factors comprise a network with vast capabilities to influence
target gene expression. The family of transcription factors 
(homeodomain, helix-turn-helix-containing family of DNA-
binding proteins) represents an example of such a regulatory
motif. A series of HOX genes are located in arrays containing
large numbers of distinct genes arranged 3´ to 5´ in distinct 
loci within human chromosomes. Hox genes bind to and activate
other downstream Hox gene family members that, in turn, 
bind to and activate the transcription of additional related 
and unrelated transcription factors, altering the activity of
paired-homeodomain-containing genes (Pax), winged helix
genes (Fox), zinc finger genes, such as retinoic acid receptors
(RARs) or leucine-zipper transcription factors, that may also
interact at the transcriptional level. Such cascades are now well
characterized in organisms such as in D. melanogaster74 and 
C. elegans.75–77 Mammalian homologues exist in many of these
genes, and their involvement in similar regulatory cascades
influences gene expression and organogenesis in more complex
organisms.7,8,10,12,15 In the lung, thyroid transcription factor-1
(TTF-1) and Fox family members are involved in regulatory 
cascades that determine organogenesis and lung epithelial 
specific gene expression, and it is highly likely that many other
nuclear transcription factors influence lung growth and devel-
opment. Stat-3, β-catenin, GATA-6, POD-1, Foxa2, nuclear
factor-1 (NF-1), Foxf1, Gli family members, Ets family members,
N-myc, CCAAT/enhancer binding protein (C/EBP) family
members, retinoic acid receptors, and glucocorticoid receptors,
all nuclear transcription factors, influencing lung growth, cyto-
differentiation, and function.30,39,78,79
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■ FIGURE 1-4. Diverse cellular mechanisms regulate varying levels of gene transcription that, in turn, control messenger RNA and protein synthesis governing cell
differentiation and function during lung development.



■ COMBINATORIAL REGULATION OF 
GENE TRANSCRIPTION

The regulatory regions of target genes in eukaryotes are highly
complex, usually containing numerous cis-acting elements that
bind various nuclear transcription proteins. Nuclear proteins
may bind DNA as monomers or oligomers, or form homo- or
hetero-oligomers with other transcriptional proteins. Furthermore,
many transcriptional proteins are modified by posttranslational
modifications that are induced by receptor occupancy or phos-
phorylation/dephosphorylation events. Binding of transcription
factors, or groups of transcription factors, may also perturb the
structural organization of DNA (chromatin), making sites in 
the promoter regions more or less accessible to other nuclear
proteins. Numerous cis-acting elements and their cognate trans-
acting proteins interact with the basal transcriptional apparatus
to regulate mRNA synthesis. The precise stoichiometry and
specificity of the occupancy of the various DNA-binding sites
influence either positively or negatively the transcription of 
specific target genes. This mode of regulation is characteristic 
of most eukaryotic cells, including those of the lung. For exam-
ple, in pulmonary epithelial cells, a distinct set of transcription 
factors including TTF-1, activator protein-1 (AP-1), Fox family
members, RARs, Stat-3, NF-1, and SP-1 regulate expression of
surfactant protein genes that influence postnatal respiratory
adaptation.30

■ INFLUENCE OF CHROMATIN STRUCTURE 
ON GENE EXPRESSION

The structure of chromatin is a critical determinant of the 
ability of target genes to respond to regulatory information
influencing gene transcription. The abundance and organization
of histones and other chromatin-associated proteins, including
nuclear transcriptional proteins, influence the structure of DNA
at genetic loci. The accessibility of regulatory regions within genes
or groups of genes for binding and regulation by transcription
factors is often dependent on chromatin structure. Changes in
chromatin structure are likely determined by the process of cell
differentiation during which target genes are made available or
unavailable to the regulatory influences of transcription factors.
Thus, the activity of a transcription factor at one time in devel-
opment may be entirely distinct from that at another time.
Chemical modification of DNA (e.g., methylation of cytosine)
is also known to modify the ability of cis-active elements to bind
and respond to regulatory influences. cytosine-guanine (CG)– rich
islands are found in transcriptionally active genes, and methylation
of these regions may vary developmentally or in response to signals
that may influence gene transcription.69 Chromatin structure, in
turn, is influenced by post-transcriptional modification of histones
and other DNA-associated proteins by acetylation, methylation,
and phosphorylation, which is regulated by transcriptional complex
and coactivator proteins that interact with the basal transcriptional
machinery via polymerase II to alter gene transcription.69

■ RECEPTOR-MEDIATED SIGNAL
TRANSDUCTION

Receptor-mediated signaling is well recognized as a fundamen-
tal mechanism for transducing extracellular information. Such
signals are initiated by the occupancy of membrane-associated
receptors capable of initiating additional signals (known as 

secondary messengers), such as cyclic adenosine monophosphate,
calcium, and inositide phosphates, which influence the activity
and function of intracellular polypeptides (kinases, phosphatases,
proteases, etc.). These polypeptides, in turn, may alter the abun-
dance of transcription factors, the activity of ion channels, or
changes in membrane permeability, which subsequently modify
cellular behaviors. Receptor-mediated signal transduction,
induced by ligand-receptor binding, mediates endocrine,
paracrine, and autocrine interactions on which cell differentia-
tion and organogenesis depend. For example, fibroblast growth
factor (FGF), Wnt, bone morphogenic protein (BMP), vascular
endothelial growth factor (VEGF), ephrins, Notch/Delta, and
sonic hedge hog (SHH) signaling have been implicated in
organogenesis in many organs, including the lung.40,80

■ GRADIENTS OF SIGNALING MOLECULES AND
LOCALIZATION OF RECEPTOR MOLECULES

Chemical gradients within tissues, and their interactions with
membrane receptors located at distinct sites within the organ,
can provide critical information during organogenesis. Polarized
cells have basal, lateral, and apical surfaces with distinct subsets
of signaling molecules (receptors) that allow the cell to respond
in unique ways to focal concentrations of regulatory molecules.
Secreted ligands (e.g., Wnts and SHH) function in gradients
that are further influenced by binding of the ligand to basement
membranes or proteoglycans. Spatial information is established
by gradients of the signaling molecules and the presence and
abundance of receptors at specific cellular sites. Such systems
provide positional information to the cell that influences its
behavior (e.g., shape, movement, proliferation, differentiation,
polarized transport, etc.).

■ NONTRANSCRIPTIONAL MECHANISMS

While regulation of gene transcription is an important factor in
organogenesis, numerous regulatory mechanisms, including
control of transcriptional RNA expression, mRNA stability, 
protein translation, and degradation, are also known to provide
further refinement in the abundance of mRNAs and proteins
synthesized by a specific cell, which ultimately determine its
structure and function.69

■ TRANSCRIPTIONAL MECHANISMS
CONTROLLING GENE EXPRESSION 
DURING PULMONARY DEVELOPMENT

While knowledge of the determinants of gene regulation in lung
development is rudimentary at present, a number of transcrip-
tion factors and signaling networks that play critical roles in lung
morphogenesis have been identified.30,39,78,79,81 Lung morpho-
genesis depends on formation of definitive endoderm, which, 
in turn, signals from the splanchnic mesenchyme to initiate
organogenesis along the foregut, forming thyroid, liver, pancreas,
lung, and portions of the gastrointestinal tract.82 The ventral
plate of the endoderm in mammals forms under the direction 
of Foxa2, a transcription factor that is known to play a critical
role in committing progenitor cells of the endoderm to form 
the primitive foregut.16,25 Foxa2 is member of a large family of
nuclear transcription factors, termed the winged helix family 
of transcription factors, that are involved in cell commitment,
differentiation, and gene transcription in a variety of organs,
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such as the central nervous system and derivatives of the foregut
endoderm, including the gastrointestinal tract, lung, and liver.83

Foxa2 plays a critical role in organogenesis of the lung. Foxa2 
is required for the formation of foregut endoderm, from which
the lung bud is derived by evagination of a subset of endoder-
mal cells into the splanchnic mesenchyme at approximately 3 to
4 weeks of gestation in the human. While Foxa2 plays a critical
role in formation and commitment of progenitor cells to form
the foregut endoderm, Foxa2 also influences the expression of
specific genes in the respiratory epithelium later in develop-
ment.29,84–88 Conditional deletion of Foxa2 in respiratory
epithelial cells of the developing lung caused respiratory distress 
at birth, Foxa2 regulating surfactant protein and phospholipid
production, as well as morphologic maturation of the lung at
birth.89 Deletion of Foxa2 after birth caused goblet cell meta-
plasia, airspace enlargement, and inflammation during the 
postnatal period.31 Deletion of mouse Foxa2 prior to birth
resulted in delayed pulmonary maturation associated with
decreased surfactant lipid and protein expression and the devel-
opment of a respiratory distress–like syndrome.89 Thus, Foxa2
plays a critical role in specification of foregut endoderm in the
early embryo, and is used again in the perinatal and postnatal
period to direct alveolarization, postnatal lung function, and
homeostasis.

TTF-1 (or Nkx2.1) is a 38-kd nuclear protein, containing a
homeodomain DNA-binding motif, that is critical for formation
of the lung and for regulation of a number of highly specific gene
products produced only in the respiratory epithelium. TTF-1 is
also expressed in the thyroid and in specific regions of the devel-
oping central nervous system. In the lung, TTF-1 is expressed 
in the respiratory epithelium of the primitive lung bud29,90–92

(see Fig. 1-2). Ablation of the mouse Titf-1 gene impairs lung
morphogenesis, resulting in hypoplastic lungs lined by a poorly
differentiated respiratory epithelium and lacking gas exchange
areas.90 Substitution of a mutant Titf-1 gene that lacks 
phosphorylation sites substantially rescues lung function in the
Titf-1 knockout mouse.93 Expression of a number of genes,
including those regulating surfactant homeostasis, fluid and elec-
trolyte transport, host defense, and vasculogenesis, was regulated
by TTF-1 phosphorylation prior to birth. TTF-1 regulates the
expression of a number of genes in a highly specific manner in
the respiratory epithelium, including surfactant proteins A, B,
C, and CCSP.85,94–98 TTF-1 functions in concert with other
transcription factors, including GATA-6, NF-1, Stat-3, nuclear
factor of activated T cells (NFAT), Foxa1 and Foxa2, and RARs
to regulate lung-specific gene transcription. Titf-1 gene tran-
scription itself is modulated by the activity of Foxa2, which
binds to the promoter enhancer region of the Titf-1 gene, thus
creating a transcriptional network.88,99 A combinatorial mode 
of regulation is evidenced by the apposition of clustered TTF-1
cis-active elements and Foxa2-binding sites in target genes, such
as the SP-B and CCSP genes.84–87,100 The stoichiometry, timing,
and distinct combinations of transcription factors, as well as
posttranscriptional modification of TTF-1 by phosphorylation,
are involved in differential, lung epithelial cell, gene expression
throughout lung development. TTF-1 and other transcription
factors are recruited to complexes at regulatory sites of target
genes that influence respiratory epithelial cell differentiation,
providing and translating spatial information required for the
formation of the highly diverse epithelial cell types lining distinct
regions of the respiratory tract. In the mature human lung, more
than a dozen distinct epithelial cell types are readily distinguished,

yet all are derived from progenitor cells originating in the foregut
endoderm.

■ EPITHELIAL-MESENCHYMAL INTERACTIONS
AND LUNG MORPHOGENESIS

In vivo and in vitro experiments support the concept that
branching morphogenesis and differentiation of the respiratory
tract depends on reciprocal signaling between endodermally
derived cells of the lung buds and the pulmonary mesenchyme/
stroma. This interdependency depends on autocrine and para-
crine interactions that are mediated by the various signaling
mechanisms governing cellular behavior40,80 (Fig. 1-5). Similarly,
autocrine/paracrine interactions are known to be involved in 
cellular responses of the postnatal lung, generating signals 
that regulate cell proliferation and differentiation necessary for
its repair and remodeling following injury. The splanchnic 
mesenchyme produces a number of growth factors critical for
migration and proliferation of cells in the lung buds, including
FGF-10, FGF-7, FGF-9, and Wnt family members. In a 
complementary manner, epithelial cells of the lung tubules 
produce Wnt7b, Wnt5a, SHH, BMP-4, FGF-9, VEGF, and
platelet-derived growth factor (PDGF) that activate receptors 
on target cells in the mesenchyme.79,80

■ BRANCHING MORPHOGENESIS,
VASCULARIZATION, AND SACCULATION

Two distinct processes, branching and sacculation, are critical to
morphogenesis of the mammalian lung. The major branches of
the conducting airways of the human lung are completed by
week 16 by a process of dichotomous branching, initiated by the
bifurcation of the main stem bronchi early in the embryonic
period of lung development. Epithelial-lined tubules of ever-
decreasing diameter are formed from the proximal to distal region
of the developing lung. Pulmonary arteries and veins form along
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■ FIGURE 1-5. Branching morphogenesis is initiated by the evagination of
the foregut endoderm into the splanchnic mesenchyme. Bronchi and bronchi-
oles are formed by dichotomous branching, which depends on the precise regu-
lation of cell proliferation and differentiation. Autocrine-paracrine interactions
among various pulmonary cells are mediated by growth factors and receptors
that influence cellular behaviors that are critical to lung formation.



the tubules and ultimately invade the acinar regions, where 
capillaries form between the arteries and veins, completing the
pulmonary circulation. The bronchial vasculature arises from
the aorta, providing nutrient supply predominantly to bronchial
and bronchiolar regions of the lung. In contrast, the acinus
(composed of bronchiolar portal and alveolar regions) is supplied
by the pulmonary arterial system. Lymphatics and nerves form
along the conducting airways, the latter being prominent in
hilar, stromal, and vascular tissues, but lacking in the alveolar
regions of the lung. A distinct period of lung sacculation 
and alveolarization begins in the late canalicular period 
(16 weeks and thereafter), forming the acinus that ultimately
consists of the respiratory bronchiole, alveolar duct, and alveoli.
During sacculation, a unique pattern of vascular supply forms
the capillary network surrounding each saccule, providing an
ever-expanding gas exchange area that is completed in adoles-
cence. Both vasculogenesis and angiogenesis contribute to 
formation of the pulmonary vascular system.36 Signaling via
SHH, VEGF-A, Foxf1, Notch/Delta, ephrins, and PDGF plays
important roles in pulmonary vascular development. VEGF-A is
a critical factor in vasculogenesis in many tissues. However,
overexpression of the VEGF-A 164 isoform disrupts pulmonary
vascular endothelium in newborn conditional transgenic mice,
causing pulmonary hemorrhage.101

■ CONTROL OF LUNG PROLIFERATION DURING
BRANCHING MORPHOGENESIS

Dissection of the splanchnic mesenchyme from the lung buds
arrests cell proliferation, branching, and differentiation of the
pulmonary tubules in vitro.37,38,40 Both in vitro and in vivo
experiments strongly support the concept that the mesenchyme
produces growth factors critical to the formation of respiratory
tubules. In addition, lung growth is influenced by mechanical
factors, including the size of the thoracic cavity and by stretch.
For example, complete occlusion of the fetal trachea in utero
enhances lung growth, while drainage of lung liquid or amniotic
fluid causes lung hypoplasia. Regional control of proliferation 
is required for the process of dichotomous branching: division is
enhanced at the lateral edges of the growing bud and inhibited
at branch points.102 Precise positional control of cell division is
determined by polypeptides derived from the mesenchyme (e.g.,
growth factors or matrix molecules) that selectively decrease 
proliferation at clefts and increase cell proliferation at the edges
of the bud (see Fig. 1-5). Proliferation in the respiratory tubule
is dependent on a number of growth factors, including the FGF
family of polypeptides. In vitro, FGF-1 and FGF-7 (keratinocyte
growth factor, KGF) partially replace the requirement of pul-
monary mesenchyme for continued epithelial cell proliferation
and budding.103,104 FGF polypeptides are produced by the 
mesenchyme during lung development and bind to and activate
a splice variant of FGF receptor II (FGF-R2) that is present on
respiratory epithelial cells, completing a paracrine loop.105,106

Blockade of FGF-R2 signaling in the epithelium of the devel-
oping lung bud in vivo, using a dominant-negative FGF receptor
mutant, completely blocked dichotomous branching of all con-
ducting airway segments except the primary bronchi.107 FGF-10
produced at localized regions of mesenchyme near the tips of the
lung buds creates a chemoattractant gradient that activates the
FGF-R2IIIb receptor in epithelial cells of the lung buds, which
influences cell migration, differentiation, and proliferation
required for branching morphogenesis.108 Deletion of FGF-10

or FGF-R2IIIb blocked lung bud formation, resulting in lung
agenesis.109,110 Increased expression of FGF-10 or FGF-7 in the
fetal mouse lung caused severe pulmonary lesions with all of the
histologic features of cystadenomatoid malformations.111,112

FGF-7 is also mitogenic for mature respiratory epithelial cells in
vivo, enhancing proliferation of bronchiolar and alveolar cells
when administered intratracheally to the lungs of adult rats.113

Since FGF-7 is produced during lung injury, it is likely that
FGF signaling molecules mediate cell proliferation or migration
to influence repair.114 FGF-7 and FGF-1 increase expression of
surfactant proteins in vitro and in vivo, suggesting that these 
factors enhance type II cell differentiation.111,115,116 Signaling
polypeptides known to influence branching morphogenesis and
differentiation of the respiratory tract are listed in Box 1-1.

■ ROLE OF EXTRACELLULAR MATRIX, CELL
ADHESION, AND CELL SHAPE

The pulmonary mesenchyme is relatively loosely packed, and
there is little evidence that cell type is specified during the early
embryonic period of lung development. However, with advanc-
ing gestation, increasing abundance of extracellular matrix mol-
ecules, including laminin, fibronectin, collagens, elastin, and
proteoglycans, is readily detected surrounding the developing
epithelial tubules. Variability in the presence and abundance of
various matrix molecules surrounding the tubules may influence
differentiation and cell interactions.117–123 Mesenchymal cells
differentiate to form distinct vascular elements, endothelium,
and smooth muscle and distinct fibroblastic cells that arise from
the relatively undifferentiated progenitor cells of the splanchnic
mesenchyme. While little is known regarding the factors influ-
encing the differentiation of the pulmonary mesenchyme, the
development of pulmonary vasculature is dependent on
VEGFs.124 VEGF-A is expressed by respiratory epithelial cells,
stimulating pulmonary vasculogenesis mediated via paracrine
signaling to receptors that are expressed by progenitor cells in
the mesenchyme.125–129 PDGF-α chain secreted by the respira-
tory epithelium influences proliferation and differentiation of
myofibroblasts in the developing lung; deletion of PDGF-α
causes pulmonary malformation in transgenic mice.130 The
organization of both mesenchyme and epithelium is further
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BOX 1-1 Secreted Polypeptides
Influencing Lung
Morphogenesis and
Differentiation

Transforming growth factor-β (TGF-β)
Bone morphogenic proteins (BMP-4)
Fibroblast growth factors (FGF-1, FGF-7, FGF-9,

FGF-10)
Platelet-derived growth factor (PDGF)
Epidermal/transforming growth factors (EGF/TGF-α)
Sonic hedge hog (SHH)
Vascular endothelial growth factor (VEGF-A)
Hepatocyte growth factor (HGF)
Insulin-like growth factors (IGFs)
Granulocyte-macrophage colony-stimulating factor

(GM-CSF)
Wnt family members



modulated by CAMs of various classes, including the cadherins,
integrins, and polypeptides, forming tight and gap junctions that
contribute to cellular organization and polarity of various tissues
during pulmonary organogenesis.118,120,131 In vitro, inhibitors of
collagen, elastin, and glycosaminoglycan (GAG) synthesis, and
antibodies to various extracellular and cell attachment mole-
cules, alter cell proliferation and branching morphogenesis of
the embryonic lung.119 Furthermore, the surrounding acellular
matrix contains adhesion molecules that interact with attach-
ment sites within cell membranes that in turn influence cell
shape. Cell shape is determined, at least in part, by the organi-
zation of these cell attachment molecules to the cytoskeleton.
Cell shape influences intracellular routing of cellular proteins
and secretory products, determining the sites of secretion. 
Cell shape, polarity, and mobility are further influenced by the
cytoskeletal proteins that interact with extracellular matrix, as
well as neighboring cells. The organization of cell shape, via the
cytoskeleton and its attachments, in turn, modifies cell differenti-
ation in the lung.132–134 For example, epithelial cells grown on
intracellular matrix gels at an air-liquid interface form a highly
polarized cuboidal epithelium that maintains cell differentiation
and polarity of secretions in vitro. Loss of cell shape is associated
with the loss of differentiated features such as surfactant protein
and lipid synthesis, demonstrating the profound influence of
cell shape on gene expression and cell behavior.

■ AUTOCRINE-PARACRINE INTERACTIONS 
IN LUNG INJURY AND REPAIR

As in lung morphogenesis, autocrine-paracrine signaling plays 
a critical role in the process of repair following lung injury. The
repair processes in the postnatal lung, as in lung morphogenesis,
require the precise control of cell proliferation and differentia-
tion and, as such, are likely influenced by many of the signaling
molecules and transcriptional mechanisms that mediate lung
development. Events involved in lung repair may recapitulate
events occurring during development in which progenitor cells
undergo proliferation and terminal differentiation following
lung injury. While many of the mechanisms involved in lung
repair and development may be shared, it is also clear that the
fetal and postnatal lung respond in distinct ways to autocrine-
paracrine signals. Cells of the postnatal lung have undergone
distinct phases of differentiation and may have different prolif-
erative potentials or respond in unique ways to the signals evoked
by lung injury. For example, after acute or chronic injury,
increased production of polypeptide growth factors or cytokines
may cause pulmonary fibrosis or pulmonary vascular remodel-
ing in neonatal life, mediated by processes distinct from those
occurring during normal lung morphogenesis.135–140 The role of
inflammation and the increasing activity of the immune system
that accompanies postnatal development also distinguishes the
pathogenesis of disease in the fetal and postnatal lungs.

■ HOST DEFENSE SYSTEMS

Distinct innate and adaptive defense systems mediate various
aspects of host responses in the lung. During the postnatal
period, the numbers and types of immune cells present in the
lung expand markedly.141 Alveolar macrophages, dendritic 
cells, lymphocytes of various subtypes, polymorphonuclear cells,
eosinophils, and mast cells each have distinct roles in host defense.
Immune cells mediate acute and chronic inflammatory responses

accompanying lung injury or infection. Both the respiratory
epithelium and inflammatory cells are capable of releasing 
and responding to a variety of polypeptides that initiate the
expression of genes that are involved in (1) cytoprotection 
(e.g., antioxidants, heat shock proteins); (2) adhesion, influencing
the attraction and binding of inflammatory cells to epithelial
and endothelial cells of the lung; (3) cell proliferation, apopto-
sis, and differentiation that occur following injury or infection;
and (4) innate host defense. An increasing array of cytokines and
chemokines have now been identified that contribute to host
defense following injury of the lung.142–148

The adaptive immune system includes both antibody 
and cell-mediated responses to antigenic stimuli. Adaptive immu-
nity depends on the presentation of antigens by macrophages,
dendritic cells, or the respiratory epithelium to mononuclear
cells, triggering the expansion of immune lymphocytes and 
initiating antibody production and cytotoxic activity needed to
remove infected cells from the lung. The lung contains active
lymphocytes (natural killer cells, helper and cytotoxic T cells)
that are present within the parenchyma and alveolus. Organized
populations of mononuclear cells are also found in the 
lymphatic system along the conducting airways, termed the
bronchiolar-associated lymphocytes (BALT). Cytokines and
chemokines (interleukin-1 [IL-1], IL-8, tumor necrosis factor-α,
RANTES [regulated on activation, normal T-expressed and
secreted], granulocyte-macrophage colony-stimulating factor
[GM-CSF], macrophage inflammatory protein-1α [MIP-1α],
etc.) are produced by respiratory epithelial and other pulmonary
cells, providing proliferative and/or differentiative signals to
inflammatory cells that, in turn, amplify these signals by releas-
ing cytokines or other inflammatory mediators within the
lung.149 Receptors for some of these signaling molecules have
been identified in pulmonary epithelial cells.150 For example,
GM-CSF plays a critical role in surfactant homeostasis. Genetic
ablation of GM-CSF or GM-CSF-IL-3/5β chain receptor
causes alveolar proteinosis associated with macrophage dysfunc-
tion and surfactant accumulation.151–155 Pulmonary alveolar
proteinosis in adults is associated with high-affinity autoanti-
bodies against GM-CSF that block receptor activation required
for surfactant catabolism by alveolar macrophages.156 However,
GM-CSF stimulates both differentiation and proliferation of
Type II epithelial cells, as well as activating alveolar macrophages
to increase surfactant catabolism. Thus, GM-CSF acts in an
autocrine-paracrine fashion as a growth factor for the respiratory
epithelium. A number of growth factors, including GM-CSF,
FGFs, EGF, TGF-α, PDGF, insulin-like growth factor-1 
(IGF-1), TGF-β, and others, are released by lung cells following
injury (see Box 1-1). These polypeptide growth factors likely
play a critical role in stimulating proliferation of the respira-
tory epithelial cells required to repair the injured respiratory
epithelium.140,157 For example, intratracheal administration of
FGF-7 causes marked proliferation of the adult respiratory
epithelium and protects the lung from various injuries.113

■ INNATE DEFENSES

The lung also has innate defense systems that function inde-
pendently of those provided by the mesodermally derived
immune system. The respiratory epithelium and other lung cells
secrete a variety of polypeptides that serve defense functions,
including bacteriocidal polypeptides (lysozyme and defensins),
collectins (surfactant proteins A and D), and other polypeptides
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that enhance macrophage activity involved in the clearance of
bacteria and other pathogens. SP-A and SP-D, both members 
of the collectin family of mammalian lectins,158 are secreted by
the respiratory epithelium and bind to and enhance the phago-
cytosis of pathogenic organisms by alveolar macrophages.159–170

Polypeptide factors with bacteriocidal activity, such as the
defensins, are produced by various cells in response to inflam-
mation within the lung, and are likely to play roles in host
defense.171–177 Thus, the immune system and accompanying
production of chemokines and cytokines serve in an autocrine-
paracrine fashion to modulate expression of genes mediating
innate and immune-dependent defenses, as well as cell 
growth, critical to the repair of the parenchyma after injury.
Uncontrolled proliferation of stromal cells leads to pulmonary
fibrosis, just as uncontrolled growth of the respiratory epithe-
lium produces pulmonary adenocarcinoma. Chronic inflamma-
tion, whether through inhaled particles, infection, or immune
responses, may therefore establish ongoing proliferative cascades
that lead to fibrosis and abnormal alveolar remodeling associated
with chronic lung disease.139

■ GENE MUTATIONS IN LUNG DEVELOPMENT
AND FUNCTION

Knowledge of the role of specific genes in lung development and
function is expanding rapidly, extending our understanding of
the role of genetic mutations that cause lung malformation and
disease. Mutations in the DNA code may alter the abundance
and function of encoded polypeptides, causing changes in cell
behavior that lead to lung malformation and dysfunction. While
poorly understood at present, a congenital malformation,
termed acinar dysplasia, is associated with decreased or absent
levels of TTF-1, Foxa2, and surfactant proteins; lungs from
these infants are severely hypoplastic and lack peripheral airways
at birth.178 Such findings implicate the transcription factors
TTF-1 and Foxa2, or their upstream regulators, in acinar 
dysplasia. Mutations in TTF-1 cause lung hypoplasia and
hypothyroidism.179 Mutations in SOX-9 influence the growth 
of the chest wall and cause lung hypoplasia in campomelic
dwarfism.180–184 Similarly, defects in SHH and FGF receptor
signaling have been associated with lung and tracheobronchial
malformation in human infants.185,186 Thus, it is increasingly
apparent that mutations in genes influencing transcriptional and
signaling networks that control lung morphogenesis cause pul-
monary malformations in infants.

Postnatally, mutations in various genes critical to lung func-
tion, host defense, and inflammation are associated with genetic
disease in humans. Hereditary disorders affecting lung function
include cystic fibrosis (cystic fibrosis transmembrane conduc-
tance regulator protein [CFTR]), hereditary surfactant protein
B deficiency,187,188 alveolar proteinosis (GM-CSF or receptors),189

emphysema (α1-antitrypsin deficiency), pulmonary fibrosis,
interstitial lung disease, and respiratory distress (SP-C and ATP-
binding cassette transporter 3 [ABCA3]),190–192 and lymphan-
giomyomatosis (tuberous sclerosis complex [Tbc]). Mutations
in polypeptides controlling neutrophil oxidant production lead
to bacterial infections as seen in chronic granulomatous disease.
The severity of disease associated with these monogenetic disor-
ders is often strongly influenced by other inherited genes or
environmental factors (e.g., smoking) that ameliorate or exacer-
bate underlying lung disease. The identification of “modifier
genes” and the role of gene dosage in disease susceptibility will be

critical in understanding the pathogenesis and clinical course of
pulmonary disease in the future.

■ SUMMARY

The molecular and cellular mechanisms controlling lung mor-
phogenesis and function provide a fundamental basis for under-
standing the pathogenesis and therapy of pulmonary diseases in
children and adults. Future advances in pulmonary medicine
will depend on the identification of new genes, and their
encoded polypeptides, that play critical roles in lung formation
and function. Knowledge regarding the complex signaling path-
ways that govern lung cell behaviors during development and
after injury will provide the basis for new diagnostic and thera-
peutic approaches that will influence clinical outcomes. Diagnosis
of pulmonary disease will be facilitated by the identification of
new gene mutations that cause abnormalities in lung develop-
ment and function. Since many of the events underlying lung
morphogenesis may also be involved in the pathogenesis of lung
disease postnatally, elucidation of molecular pathways governing
lung development will provide the knowledge needed to under-
stand the cellular and molecular basis of lung diseases. Advances
in recombinant DNA technology and the ability to synthesize
bioactive polypeptides and to add or to delete genes via DNA
transfer are also likely to influence the therapy of pulmonary 
disease in the future.
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Pulmonary surfactant is a complex substance with multiple
functions in the microenvironments of the alveoli and small 
airways. The traditional functions of surfactant are the biophys-
ical activities to keep the lungs open, to decrease the work of
breathing, and to prevent alveolar flooding. More recently, most
of the components of surfactant were found to contribute to
innate host defenses and injury responses in the lung. Surfactant
deficiency states occur with prematurity and with severe lung
injury syndromes. Recent studies in humans and in mice are
defining an expanding number of genetic and metabolic abnor-
malities that disrupt surfactant and cause lung diseases that
range from lethal respiratory failure at birth to chronic interstitial
lung disease in later life. Our goal is to summarize those aspects
of surfactant biology that are relevant to children.

■ SURFACTANT COMPOSITION 
AND METABOLISM

■ COMPOSITION

Surfactant recovered from lungs by bronchoalveolar lavage con-
tains about 80% phospholipids, about 8% protein, and about
8% neutral lipids, primarily cholesterol (Fig. 2-1). The phos-
phatidylcholine species of the phospholipids contribute about
70% by weight to surfactant. The phospholipids in surfactant
are unique relative to the lipid composition of lung tissue or
other organs. About 50% of the phosphatidylcholine species
have two palmitic acids or other saturated fatty acids esterified
to the glycerol-phosphorylcholine backbone, resulting in “satu-
rated” phosphatidylcholine, which is the principal surface-active
component of surfactant. About 8% of surfactant is the acidic
phospholipid phosphatidylglycerol. Surfactant from the imma-
ture fetus contains relatively large amounts of phosphatidyl-
inositol, which then decreases as phosphatidylglycerol appears
with lung maturity.

Four surfactant-specific proteins have been identified and
their functions in part elucidated.1,2 Surfactant protein A (SP-A)

is a water-soluble collectin coded on human chromosome 10.
The 24-kd protein is heavily glycosylated in the carboxy-terminal
region to yield a reduced protein of about 36 kd. SP-A forms 
a collagen-like triple helix that then aggregates to form a multi-
meric protein with a molecular size of 650 kd. SP-A contributes
to the biophysical properties of surfactant primarily by decreas-
ing protein-mediated inhibition of surfactant function. The
major functions of SP-A are an innate host defense protein 
and as a regulator of inflammation in the lung.1 SP-A levels 
are low in surfactant from preterm lungs and increase with 
corticosteroid exposure. SP-A is not a component of surfactants
used for treatment of respiratory distress syndrome (RDS).

SP-B is a small hydrophobic protein that contributes about
2% to the surfactant mass.2 The SP-B gene is on human chro-
mosome 2, and the primary translation product is 40 kd. The
protein is clipped in the type II cell to become an 8-kd protein
prior to associating with phospholipids to form lamellar bodies.
SP-B facilitates surface absorption of lipids and the develop-
ment of low surface tensions on surface area compression. 
A genetic lack of SP-B causes a loss of normal lamellar bodies in
type II cells, a lack of mature SP-C, and the appearance of
incompletely processed SP-C in the airspaces.3

The SP-C gene is on chromosome 8, and its primary 
translation product is a 22-kd protein that is processed to an
extremely hydrophobic 4-kd protein that is associated with
lipids in lamellar bodies.4 The messenger RNA (mRNA) for 
SP-C appears in cells lining the developing airways from early
gestation. With advancing lung maturation, the mRNA for 
SP-C becomes localized only to type II cells. The sequence and
cellular localization of SP-C have been remarkably conserved
across species. SP-B and SP-C function cooperatively to opti-
mize rapid adsorption and spreading of phospholipids on a 
surface and to facilitate the development of low surface tensions
on surface area compression. Surfactants prepared by organic
solvent extraction of natural surfactants or from lung tissue 
contain SP-B and SP-C. Such surfactants are similar to natural
surfactants when evaluated for in vitro surface properties or for
function in vivo.

SP-D is a 43-kd hydrophilic collectin with structural 
similarities to SP-A with a collagen-like domain and a glycosy-
lated head group that gives it lectin-like functions.5 SP-D is 
synthesized by type II cells and by Clara cells, as well as in other
epithelial sites. Like the other SPs, its expression is developmen-
tally regulated and induced by glucocorticoids and inflammation.
SP-D is soluble and not associated with the surfactant lipids or
other surfactant proteins.

■ SURFACTANT METABOLISM AND SECRETION

The synthesis and secretion of surfactant by the type II cell is 
a complex sequence of biochemical events that results in the
release by exocytosis of lamellar bodies to the alveolus.6 Enzymes
within the endoplasmic reticulum use glucose, phosphate, 
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and fatty acids as substrates for phospholipid synthesis. The
details of how the surfactant components condense with SP-B
and SP-C to form the surfactant lipoprotein complex within 
lamellar bodies remain obscure. Ultrastructural abnormalities of
type II cells with SP-B deficiency and ABCA3 deficiency in full-
term infants indicate that these gene products are essential for
lamellar body formation.4,7 A basal rate of surfactant secretion
occurs continuously, and surfactant secretion can be stimulated
by a number of mechanisms. Type II cells increase surfactant
secretion in response to β agonists and purines. Surfactant secre-
tion also is stimulated by mechanical stretch such as with lung
distention and hyperventilation.

The alveolar pool size of saturated phosphatidylcholine of
about 2 μmol/kg in the adult human is equivalent to about 
4 mg/kg surfactant.8 The lung tissue of the adult human contains
about 28 μmol/kg. Thus, about 7% of the lung saturated phos-
phatidylcholine is in the secreted pool. The surfactant pool size
per kilogram probably changes little with age after the newborn
period. While no estimates exist for the full-term human, full-
term animals have alveolar pool sizes of about 100 mg/kg, 
and this large pool decreases to adult values by 1 week of age in
rabbits, for example. The alveolar surfactant pool size in the
adult (and presumably young child) is small relative to other
mammalian species (e.g., about 30 mg/kg in adult sheep), which
may make the human lung more susceptible to surfactant 
deficiency with lung injury. Infants with RDS have alveolar 
surfactant pool sizes of less than 5 mg/kg.

The metabolic activity of surfactant was measured in animals
using radioisotopes to pulse label surfactant components, 
which then were tracked from synthesis to secretion and catab-
olism or recycling.9 Surfactant components are synthesized rap-
idly from precursors and then packaged in lamellar bodies for
storage and secretion. The time from synthesis to peak alveolar
secretion of the newly synthesized surfactant is about 6 hours in
adult rabbits. The turnover time for surfactant lipids is about 
5 hours, with about 50% of the lipids being recycled from the

airspaces back into lamellar bodies for resecretion. No measure-
ments of surfactant metabolism have been reported in older
children or adult humans. The few measurements in large juve-
nile or adult animals indicate that surfactant is dynamically
metabolized by efficient recycling from secretion to uptake for
resecretion. The surfactant proteins also are recycled to variable
extents.

More extensive measurements of surfactant metabolism have
been made in developing animals and in preterm and full-term
infants. In general, alveolar pool sizes are larger per kilogram
body weight, secretion rates may be lower, and turnover times
longer at full term. Recycling is very efficient in the newborn.
Stable isotopically labeled precursors of surfactant lipids were
used for studies in newborn humans.10 These studies will be
extended to children and adults in the near future.

■ ALVEOLAR LIFE CYCLE OF SURFACTANT

After secretion, surfactant goes through a series of form transi-
tions in the airspace (Fig. 2-2). The lamellar bodies unravel to
form the elegant structure called tubular myelin. This lipoprotein
array has SP-A at the corners of the lattice and requires at least
SP-A, SP-B, and the phospholipids for its unique structure.11

Tubular myelin and other large surfactant lipoprotein structures
are the reservoir in the fluid hypophase for the formation of 
the surface film within the alveolus and small airways. The
hypophase is a very thin fluid layer covering the distal epithe-
lium with a volume of about 0.5 mL/kg body weight that has 
a surfactant concentration of perhaps 10 mg/mL. New surfac-
tant enters the surface film, and “used” surfactant leaves in the
form of small vesicles. The surface-active tubular myelin forms
contain SP-A, SP-B, and SP-C while the biophysically inactive
small vesicular forms that are recycled and catabolized contain
very little protein. The total surfactant pool size is less than 
the amount of active surfactant because 30% to 50% of the alve-
olar phospholipids are in catabolic forms in the normal lung. 

GENERAL CONSIDERATIONS

■
■

■

S
E

C
TI

O
N

 I 

18

Surface film:
lipid, SP-A, SP-B, SP-C Tubular myelin:

lipid, SP-A,
SP-B, SP-C

Air

Reuptake

Subphase

Small aggregates
(SA)

Degradation

Macrophage

Lysosome

Type I cell
Type II cell

Multi-vesicular
body

Lamellar body

Lysosome

■ FIGURE 2-2. Alveolar life cycle of surfac-
tant. Surfactant is secreted from lamellar bodies
in type II cells. In the alveolar fluid lining layer,
the surfactant transforms into tubular myelin and
other surfactant protein–rich forms that facilitate
surface adsorption. The lipids are catabolized as
small vesicular forms by macrophages and type II
cells and recycled by type II cells.



In the preterm infant, conversion from surface active to inactive
forms occurs more rapidly, probably because less surfactant pro-
teins are present. Pulmonary edema and products of lung injury 
can accelerate form conversion and cause a depletion of the 
surface active fraction of surfactant despite normal or high total
surfactant pool sizes.12

Surfactant is catabolized primarily by type II cells and alveo-
lar macrophages. Granulocyte-macrophage colony-stimulating
factor deficiency prevents alveolar macrophages from cataboliz-
ing surfactant and results in the clinical syndrome of alveolar
proteinosis. The important concept is that the alveolar pool 
of functional surfactant is maintained by dynamic metabolic
processes that include secretion, reuptake, and resecretion 
balanced by catabolism.

■ SURFACTANT FUNCTION

■ ALVEOLAR STABILITY

Alveoli are polygonal with flat surfaces and curvatures where the
walls of adjacent alveoli intersect. Alveoli are interdependent in
that their structure is determined by the shape and elasticity of
neighboring alveolar walls. The forces acting on the pulmonary
microstructure are chest wall elasticity, lung tissue elasticity, and
surface tensions of the air-fluid interfaces of the small airways
and alveoli. Although the surface tension of surfactant decreases
with surface area compression and increases with surface area
expansion, the surface area of an alveolus changes little with
tidal breathing. The low surface tensions resulting from sur-
factant help to prevent alveolar collapse and keep interstitial
fluid from flooding the alveoli. Surfactant also keeps small 
airways from filling with fluid and thus prevents the potentially
ensuing luminal obstruction.13 If alveoli collapse or fill with
fluid, the shape of adjacent alveoli will change, which can result
in distortion, overdistention, or collapse. When positive pressure
is applied to a surfactant-deficient lung, the more normal 
alveoli will tend to overexpand and the alveoli with inadequate
surfactant will collapse, generating a nonhomogeneously
inflated lung.

■ PRESSURE-VOLUME CURVES

The static effects of surfactant on a surfactant-deficient lung 
are evident from the pressure-volume curve of the preterm lung
(Fig. 2-3). Preterm surfactant-deficient rabbit lungs do not begin
to inflate until pressures exceed 20 cm H2O.14 The pressure
needed to open a lung unit is related to the radius of curvature
and surface tension of the meniscus of fluid in the airspace 
leading to the 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. Surfactant decreases the opening
pressure from greater than 20 to 15 cm H2O in this example
with preterm rabbit lungs. Because surfactant does not alter 
airway diameter, the decreased opening pressure results from
surface adsorption of the surfactant to the fluid in the airways.
The inflation is more uniform as more units open at lower 
pressures, resulting in less overdistention 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 30 cm H2O is
increased over two times with surfactant treatment. Surfactant
also stabilizes the lung on deflation. The surfactant-deficient
lung collapses at low transpulmonary pressures, whereas the 
surfactant-treated lung retains about 30% of the lung volume on
deflation. This retained volume is similar to the total volume of
the surfactant-deficient lung at 30 cm H2O and demonstrates
how surfactant treatments increase the functional residual
capacity of the lung.

■ HOST DEFENSE FUNCTIONS OF SURFACTANT

SP-A enhances microbial phagocytosis by macrophages because
it acts as opsonin, can directly stimulate macrophage activity,
and is chemotactic for alveolar macrophages and peritoneal
macrophages.15 SP-A binds a variety of microorganisms, 
including bacteria, viruses, and fungi, and stimulates the release
of oxygen radicals from alveolar macrophages. SP-A also 
regulates cytokine production by macrophages, granulocytes,
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and lymphocytes. SP-A has multiple roles in regulating innate
immune and inflammatory responses in the lung during acute
lung injury.16 SP-A also may contribute to adaptive immune
responses. SP-A inhibits the maturation of dendritic cells in
response to potent T-cell stimulators and enhances the endocytic
ability of dendritic cells. In addition, SP-A down-regulates lym-
phocyte activity and proliferation. Thus, SP-A may have a com-
plex role in adaptive immune responses.17

The hydrophobic surfactant proteins SP-B and SP-C may
also have host defense functions. Although SP-B can inhibit
bacterial growth in vitro, overexpression of SP-B or reduced
expression of SP-B in the lungs of mice did not alter bacterial
clearance, suggesting that the SP-B is not involved in innate host
defense.18 However, elevated levels of SP-B in the lungs of endo-
toxin-exposed mice decreased pulmonary inflammation.19 Thus,
SP-B may contribute to modulation of inflammation in the
injured lung. SP-C binds lipopolysaccharide and blocks the pro-
duction of tumor necrosis factor-α by macrophages.20 However,
possible roles for SP-C in bacterial clearance or lung inflamma-
tion in vivo have not been evaluated.

SP-D increases phagocytosis of gram-negative and gram-positive
bacteria, viruses, fungi, and parasites by alveolar macrophages in
a calcium-dependent manner.1 SP-D also enhances calcium-
dependent uptake of Escherichia coli, Streptococcus pneumoniae,
and Staphylococcus aureus by neutrophils. In addition to binding
microorganisms, SP-D is more chemotactic than SP-A for
monocytes and neutrophils. Both SP-A and SP-D increase the
production of oxygen radicals by alveolar macrophages, down-
regulate lymphocyte activity and proliferation, and inhibit 
allergen-induced proliferation of lymphocytes.16,17 SP-D has 
an important role in regulating innate and adaptive immune
responses in the lung.

■ SURFACTANT DEFICIENCY

■ THE PRETERM INFANT WITH RESPIRATORY
DISTRESS SYNDROME

RDS in preterm infants is a surfactant deficiency that initially
does not include lung injury. The surfactant system normally is
mature by about 35 weeks’ gestation, but early appearance of
surfactant and lung maturation is frequent for infants delivered
prematurely. Early maturation is thought to occur in response to
fetal stress resulting in increased fetal cortisol levels, or by expo-
sure of the fetal lung to inflammation as a result of chorioam-
nionitis. Maternal treatments with corticosteroids to decrease
the risk of RDS are routinely given if preterm delivery before 
32 to 34 weeks’ gestation is anticipated.21 Induced lung matura-
tion includes not only an induction of surfactant but also 
thinning of the mesenchyme, which increases lung gas volumes.
Unless preterm infants have early lung maturation, they develop
progressive respiratory distress from birth characterized by tachyp-
nea, grunting, an increased work of breathing, and cyanosis.
Infants who have died of RDS have alveolar pool sizes of 
surfactant of less than 5 mg/kg. Although this amount is similar
in amount to the surfactant recovered from healthy adult
humans, surfactant from the preterm infant has decreased func-
tion, probably because it contains less of the surfactant proteins
that are critical for biophysical function.22 The surfactant from
the preterm infant also is more susceptible to inactivation by
edema fluid, and the preterm lung is easily injured if a stable

functional residual capacity (FRC) is not maintained or if the
lung is overstretched.

■ THE INJURED MATURE LUNG

Acute respiratory distress syndrome (ARDS) describes an over-
whelming inflammatory reaction within the pulmonary
parenchyma leading to global lung dysfunction. ARDS is defined
by acute onset, an oxygenation index less than 200 mm Hg,
bilateral infiltrates on chest x-ray, and a pulmonary capillary
wedge pressure of less than 18 mm Hg or absence of clinical 
evidence for left-sided heart failure. The etiology of ARDS 
is multifactorial and can occur in association with lung injury
secondary to trauma, sepsis, aspiration, pneumonia, massive
blood transfusions, or near drowning to name some associations.
It is a common disease, affecting roughly 15% to 20% of all
patients ventilated in the adult intensive care unit (ICU) and
1% to 4.5% of patients in the pediatric ICU. ARDS has a high
mortality rate of 40% to 50%.

Impairment of surfactant with ARDS can result from inhibi-
tion, degradation, or decreased production.12 The proteinaceous
pulmonary edema characteristic of ARDS can inactivate surfac-
tant by dilution and by competition for the interface. Plasma
proteins known to inhibit surfactant function include serum
albumin, globulin, fibrinogen, and C-reactive protein. In addi-
tion to proteins, phospholipases A2 and C, along with their
products, fatty acids, and dipalmitin inhibit surface activity.
Epithelial cell injury by inflammatory mediators can decrease
surfactant production and contribute to surfactant deficiency.

Surfactant is present in the alveoli as tubular myelin and
lipoprotein aggregates that are biophysically active and as small
vesicles that are not bioactive. Normally in the lung, about 50%
of surfactant is present in the bioactive form that has a high 
SP-B and SP-C content. In ARDS, small vesicular forms increase
and deplete the pool of active surfactant.

The composition of surfactant is altered in ARDS. In bron-
choalveolar lavage fluid (BALF) from patients with ARDS, there
is a reduced phospholipid content and abnormal phospholipid
composition.23 SP-A, SP-B, and SP-C also are decreased in
BALF from patients with ARDS. The surfactant protein levels
can remain low for at least 14 days after the onset of ARDS.
Changes in surfactant composition including phospholipids, fatty
acids, and proteins likely represent alveolar type II cell injury with
altered metabolism, secretion, or recycling of components. SP-A
and SP-B concentrations are also reduced in the lungs of
patients at risk for ARDS, even before the onset of lung injury
clinically. In contrast, SP-D levels in BALF remain normal,
except in a subgroup of patients who later died. Decreased 
SP-D levels in BALF were 85.7% sensitive and 74% specific in
predicting death with ARDS.24

■ GENETIC DEFICIENCIES OF SURFACTANT 
IN MICE AND HUMANS

SP-A-deficient mice have normal survival without changes in
surfactant composition, function, secretion, and reuptake; 
however, there is no tubular myelin.25 SP-A-deficient mice are
highly susceptible to various bacterial (group B Streptococcus,
Haemophilus influenza, Pseudomonas aeruginosa) and viral (respira-
tory syncytial virus [RSV], influenza A virus) pathogens in vivo.16

There are currently no documented genetic deficiencies of SP-A
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in humans. However, polymorphisms in the human genes for
SP-A affecting their function have been identified, and humans
with these polymorphisms have increased susceptibility to 
infections with respiratory syncytial virus and Mycobacterium
tuberculosis.26

Gene-targeted mice lacking SP-B and infants with hereditary
SP-B deficiency demonstrate the critical role of SP-B in surfac-
tant function, homeostasis, and lung function.27 Targeted dis-
ruption of the mouse SP-B gene caused respiratory failure at birth.
Despite normal lung structure, the mice failed to inflate their
lungs postnatally. Type II cells of SP-B-deficient mice had large
multivesicular bodies but did not have lamellar bodies, and the
proteolytic processing of pro-SP-C (the preprocessed form of
SP-C) was disrupted.2 Infants with SP-B deficiency die from 
respiratory distress in the early neonatal period with the same
anatomic findings.28 Mutations leading to partial SP-B function
have been associated with chronic lung disease in infants. Mice
and infants without the adenosine triphosphate–binding cassette
transporter A3 (ABCA3) have type II cells without lamellar bodies
and the same lethal respiratory failure phenotype.7

SP-C-deficient mice survive and have normal surfactant
composition and amounts. However, surfactant isolated from
the SP-C-deficient mice forms less stable bubbles, demonstrat-
ing a role for SP-C in developing and maintaining lipid films.29

SP-C mutations recently were identified in families with famil-
ial interstitial lung disease that can present in childhood or in
adulthood.30 These individuals have lungs with a thickened inter-
stitium, infiltration with inflammatory cells and macrophages,
fibrosis, and abnormalities of the respiratory epithelium.

SP-D-deficient mice develop increased surfactant lipid pools
in the lung, indicating that SP-D plays a critical role in the reg-
ulation of surfactant homeostasis. SP-D also regulates alveolar
macrophage function because SP-D-deficient mice accumulate
foamy activated macrophages in the lung and develop emphy-
sema due to increased oxidant and metalloproteinase expression
by these macrophages.1 SP-D-deficient mice are also highly 
susceptible to infection by influenza A virus and RSV.16 SP-D
deficiency has not been described in humans.

■ SURFACTANT TREATMENT OF
SURFACTANT DEFICIENCY

■ RESPIRATORY DISTRESS SYNDROME

The respiratory morbidities of preterm infants with RDS have
decreased strikingly in recent years because of the combined
effects of antenatal corticosteroid treatments and more gentle
approaches to mechanical ventilation. The original randomized
trials of surfactant for RDS evaluated treatments given after the
disease was established, generally after 6 hours of age. Other 
trials evaluated treatment of all high-risk infants soon after birth
to prevent RDS. Subsequent trials demonstrated that treatments
of the highest-risk infants (generally infants with birth weights
less than 1 kg) as soon after birth as convenient and before 
significant mechanical ventilation will minimize lung injury.
However, many very low birth weight infants can be transitioned
to air breathing successfully using continuous positive airway
pressure (CPAP), and the decision to treat with surfactant can 
be made after the initial stabilization at birth. An advantage 
of allowing the infant to breathe spontaneously with CPAP 
used to recruit and maintain FRC is that hyperventilation and

overdistention of the delicate preterm lung can be avoided.
Larger infants who develop RDS generally are treated with oxy-
gen and nasal CPAP until the oxygen concentration approaches
40%. They then are treated with surfactant. Preterm infants will
respond to surfactant treatments even if the treatment is delayed
for several days.

Full-term infants with severe meconium aspiration or pneu-
monia also will respond to surfactant treatments with improved
oxygenation. Surfactant also can improve lung function in
infants with the group B streptococcal sepsis/pneumonia 
syndrome. Current practice is to treat most any infant with
severe respiratory failure with surfactant because there seems to
be no contraindications.

The surfactants that are commercially available for clinical
use in infants are made from organic solvent extracts of animal
lungs or alveolar lavages of animal lungs. While there are differ-
ences in composition, the clinical results do not demonstrate
any compelling differences in clinical responses. All of the com-
mercial surfactants lack SP-A, contain SP-C, and have variable
amounts of SP-B. Surfactants that contain synthetic peptides or
surfactant proteins are being developed for clinical use.

■ ACUTE RESPIRATORY DISTRESS SYNDROME

ARDS is a significant therapeutic challenge for intensivists
despite recent advances in understanding pathophysiology and
new treatment modalities. Surfactant content and composition
are altered in ARDS, resulting in decreased surface activity,
atelectasis, and decreased lung compliance.12 Surfactant treat-
ment for ARDS can improve gas exchange, but to a lesser degree
than that seen with RDS. ARDS results in primarily surfactant
inactivation rather than deficiency, and surfactant inhibitors
such as plasma proteins and inflammatory mediators decrease
the efficacy of treatment. Several recent pilot studies in adults
and children have examined surfactant therapy in ARDS.

Adults with ARDS treated with a natural bovine surfactant
had significant improvements in gas exchange and a trend toward
decreased mortality.31 Walmrath and colleagues examined the
efficacy of bronchoscopic administration of a bovine surfactant
preparation in adult patients with ARDS. Patients demonstrated
improved gas exchange, recruitment of collapsed alveoli, and
improved ventilation-perfusion mismatch.32 A phase II study in
Europe recently evaluated the efficacy of intratracheal adminis-
tration of a recombinant SP-C in ARDS patients.33 Patients 
were randomized to receive either standard therapy alone or stan-
dard therapy plus recombinant SP-C surfactant, given as either
200 mg/kg in four doses or 500 mg/kg in four doses. The lower-
dose group had significant improvement in oxygenation index,
and patients were weaned more rapidly from the ventilator com-
pared with the standard therapy group. Results in the high-dose
group were not different from those of the standard therapy group.

In a large trial, full-term infants with severe respiratory fail-
ure treated with surfactant had improved oxygenation and
required less extracorporeal membrane oxygenation (ECMO)
than did controls.34 Children with ARDS or acute lung injury
(ALI) have been treated with a number of different surfactants
in small trials. No large or definitive trials of surfactant for res-
piratory failure in children have been performed. Representative
responses have improved oxygenation and decreased ventilator
days,35 results that are consistent with the larger trials in adults
with ARDS.
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There is strong experimental evidence that alterations in the
pulmonary surfactant system play an important role in the
pathophysiology of ARDS.36 While it is still unclear whether
mortality and morbidity from ARDS will be reduced, surfactant
treatments can improve oxygenation, improve lung compliance,
and decrease the need for ventilatory support.
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Respiratory diseases are among the four leading causes of death
in the United States.1 Immaturity of the lung has been a major
contributing factor to infant mortality, although in recent years
this has been reduced by the antenatal administration of corti-
costeroids and the postnatal administration of surfactants.
However, respiratory distress of the newborn still ranks fifth as a
contributor to infant mortality. After infancy, mortality rates
related to respiratory causes are low but are still included in the
10 most frequent causes of death. Respiratory morbidity rates,
on the other hand, are high, and respiratory diseases continue to
be one of the most common causes of hospital admissions and
absence from school.

■ AGE SPECIFICITY OF RESPIRATORY
PATHOGENS

Certain respiratory pathogens are age specific: they produce 
disease of consequence at certain ages and not at other ages.
Some respiratory infections, such as cytomegalovirus pneumonia,
depend on exposure in utero. With the exception of infections
in the immunocompromised host, cytomegalovirus rarely causes
disease beyond the perinatal period. Other infectious agents,
such as chlamydia and group B streptococci, cause pneumonia
after exposure of the host during birth. Respiratory syncytial
virus produces bronchiolitis in infants but usually only upper
respiratory symptoms in school-aged children and adults.
Parainfluenza virus causes croup in the child between 2 and 
3 years old. Acute epiglottitis, rarely seen since Hemophilus
influenzae B vaccination became commonplace, is usually, but
not always, seen in children 2 to 7 years of age. Mycoplasma
rarely produces disease in preschool children but is a common
cause of bronchopneumonia in school-aged children and young
adults.

Part of the age specificity of respiratory pathogens is related
to development of the immune system, of defenses within the
lung itself,2,3 and to age-related exposure. The influence of age
on respiratory structure and function, however, may contribute
to this age specificity and is the subject of this chapter.

■ AGE AND RESPIRATORY STRUCTURE

The respiratory system continues to develop from birth to young
adulthood. Some of the steps in the development of the lung
have a strong influence on lung function during childhood and
on the pattern of respiratory disease. There have been a number
of reviews of lung development in recent years elucidating the
mechanisms underlying morphogenesis, molecular regulation,
maturation, and vascular development.4–7 This chapter considers
the structural factors of lung development.

■ AIRWAYS

The airways are derived from an outpouching of the ventral
groove of the embryo. During the embryonal period of lung
development, the proximal branches are formed. Further
branching of the airways, which is more or less dichotomous,
occurs during the pseudoglandular period, so named because 
of the appearance of the lung on microscopic section. By the
17th week of gestation, the full number of generations of 
conducting airways has been established.7,8 Thereafter, no new
conducting airways develop, but there is continuing growth
(increase in length and diameter) of the existing airways, remod-
eling of the peripheral airways,9 and thinning of the respiratory
epithelium.

The airway wall and the respiratory epithelium change dur-
ing gestation and postnatal life. During fetal life, the thick,
columnar, glycogen-rich epithelium develops cilia and thins,
particularly in the periphery of the airway. The thinning of the
epithelium continues postnatally in the human. Although the
epithelium of the infant’s airway, like the adult’s, is a ciliated
pseudostratified columnar type in the trachea and gradually
thins to a columnar type in the bronchioles, there are substan-
tial differences. The infant’s airway epithelium contains a higher
ratio of mucous glands than the adult’s, and the constituents of
the secretions may change throughout childhood.10 The respira-
tory epithelium is substantially thicker, approaching (at a given
generation of airways) the thickness found in asthmatics.11

The rate of tracheal mucociliary clearance, studied in animals, is
greater in the young adult than in the infant.12 Smooth muscle
is present in the airways of the fetus early in development and
extends from the trachea to the alveolar ducts in both newborns
and adults.13 Between 5 and 17 weeks of gestation airway wall
cells differentiate to form cartilage, submucosal glands, smooth
muscle, and types of epithelial cells. In the rabbit, the amount of
smooth muscle is increased and the amount of cartilage is
decreased in the immature compared with the mature animal.14

In contrast to the work of James,11 airway wall thickness is 
similar in both mature and immature rabbits.14 The amount of
cartilage increase in the first years of life, contributing to the
stiffening of the airways observed in the first months of an
infant’s postnatal life.15

Postnatal growth of the airway has been investigated by only
a limited number of anatomic studies in humans, and the data
are conflicting.16,17 Hislop and associates16 show the infant’s 
airway to be a miniature of the adult’s. The limited anatomic
and more extensive physiologic studies on excised human lung
performed by Hogg and co-workers17 suggest that peripheral
airways, those distal to the 10th or 12th generation, increase in
size relative to the central airways until age 5 years (Fig. 3-1).
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■ ALVEOLI AND LUNG PARENCHYMA

Whereas the airways are established in early gestational life 
and grow by enlargement, the alveoli develop in late gestational
life and early childhood by forming new structures (i.e., alveolar
ducts and alveoli). Only later do they grow by enlargement9

(Fig. 3-2). The development of alveoli is preceded by the 
formation of saccules at the end of the budding airway. These
structures—larger, thicker walled, and more irregular than 
alveoli—are probably capable of sustaining gas exchange. From
28 to 32 weeks of gestation, some of the subdivisions of the 
saccules have the cupped shape and single capillary layer charac-
teristic of alveoli, but infants born at less than 28 weeks have 
virtually no alveoli.

Approximately 150 million alveoli are present at birth in the
full-term infant. The number is likely to be extremely variable.
Pulmonary hypoplasia is diagnosed when a baby has an associated

abnormality (i.e., a congenital renal abnormality or a diaphrag-
matic hernia), and may be considered when a newborn develops
a spontaneous pneumothorax. In all likelihood, considerable
variability in lung size as expressed by the number of terminal
units may go undetected by the pediatrician but may influence
the child’s respiratory reserve. Dunhill18 carried out morphome-
tric studies on lungs obtained at autopsy. His data suggest that
most of the 300 million alveoli present in the adult lung are
formed by the age of 2 years. Current data suggest that this is an
underestimation of the number or alveoli present in the adult
lung19 and that mean data have a wide range. The variability in
the number of alveoli present at a given age20 makes the age at
which the increase in alveolar number ceases less certain.
Nonetheless, a substantial fraction of the total number of alve-
oli is formed in the first few months and years of life. Thereafter,
growth of alveoli takes place for the most part by enlargement.
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(13.4)(19.1)■ FIGURE 3-1. Comparison of peripheral and central airway conduc-
tance as a function of age in normal human lungs. The data are corrected for
size by expressing the conductance as mL/sec/g of lung and for lung inflation
by expressing all data at a transpulmonary pressure of 5 cm H2O. (Replotted
from Hogg JC, Williams J, Richardson JB, et al: Age as a factor in the dis-
tribution of lower-airway conductance and in the pathologic anatomy of
obstructive lung disease. N Engl J Med 1970;282:1283.)

■ FIGURE 3-2. Diagram showing that the lung grows 
initially by increasing the number of alveoli by the ingrowth of
septa and formation of the alveolar ducts. AD, alveolar duct;
RB, respiratory bronchiole; TB, terminal bronchiole. (Modified
from Hislop A, Reid L: Development of the acinus in the
human lung. Thorax 1974;29:90.)
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It seems reasonable to assume that factors that influence
growth of the fetus during the last trimester and during the 
first year of life would be of particular importance to lung 
development. Some of these factors are under active investiga-
tion. Nutrition,21 vitamin A,22 administration of corticosteroids,23

hyperoxia,24 and maternal smoking25 play important roles in
lung development. Although both collagen and elastin are
important in airway morphogenesis and branching, the intersti-
tium of the lung contains little collagen and elastin during late
gestation and at birth. This near absence of collagen and elastin
may contribute to the relative ease of rupture of air spaces in the
premature lung. Elastin, which appears to be closely related to
the development of alveoli, increases during early postnatal life.
Lung collagen also increases during postnatal life. The forma-
tion and changing ratio of elastin and collagen probably con-
tribute to the change in volume-pressure relationships of the
lung and to the increased stiffness of the lung with increasing
age until young adulthood.

■ PULMONARY VESSELS

The pulmonary arterial system develops by vasculogenesis, the
production of vessels from endothelial cells differentiating 
from mesenchymal precursors, and angiogenesis, the sprouting 
of new vessels from preexisting vessels. It appears that until about
17 weeks of gestation new vessels are produced by vasculogenesis
and the airway acts as a template. Postnatally there is a marked
increase in the number of arteries in the acinus that seem to be
formed by angiogenesis.7 To some extent, the postnatal develop-
ment of acinar arteries and capillaries parallels the postnatal devel-
opment of alveoli. The pulmonary veins originate as proliferating
endothelial cells that migrate away from the artery, are surrounded
by lymphatic channels, and never develop any smooth muscle.

The origins of smooth muscle cells include cells that migrate
from the airway into the vessel wall at the penultimate genera-
tion of the airway and form the innermost layer of the vessel
wall. Later, fibroblasts differentiate and express both alpha and
gamma actin. Finally, endothelial cells, later in development,
express alpha actin and form smooth muscle cells.7 Muscular
arteries extend only to the level of the terminal bronchioles in
the fetus and young child, and during childhood, muscle
extends out to the alveolar duct, and in the adult out to the 
alveoli. A number of studies of the pulmonary vascular system
relating structure to function have been carried out, and these
reveal differences between infants and adults. The extension of
muscle out into the acinus and the rise in the ratio of arteries to
alveoli that occurs during childhood is consistent with an
increasing responsiveness to acute hypoxia with increasing age.
However, the development of the fetal and infant lung is
strongly influenced by chronic hypoxia with decreased airway,
vascular, and alveolar development.

Although structural features of the infant’s pulmonary 
vasculature may influence the infant’s response to a variety of
vasoconstrictors and vasodilators, there may be substantial 
differences in response governed at the cellular level between
infants and adults. This is an active area of investigation and
beyond the scope of this chapter.

■ OTHER STRUCTURES

In the adult, collateral ventilation—the movement of gas from
one acinus to another—occurs through holes in the alveoli (the

pores of Kohn) and epithelium-lined channels between terminal
bronchioles and adjacent alveoli (the canals of Lambert). These
structures may be present in the infant lung, but they are prob-
ably not of sufficient size to allow for air drift. Although collateral
pathways in the adult are probably not of great significance for
ventilation, they do help to prevent absorption of gas in regions
distal to airway obstruction. The relative absence of functional
collateral pathways probably contributes to the patchy atelectasis
so common in airway disease of infants and young children.

■ CHEST WALL

Considerable structural changes occur in the chest wall, partic-
ularly during early postnatal life. In infancy the ribs are oriented
in a horizontal plane. As growth occurs, they slant in a progres-
sively caudal direction. By 10 years of age they have the down-
ward slope of adults.26 Ossification of the rib cage sternum 
and vertebrae begins in utero and continues until about age 25.
Calcification of costal cartilage can continue into old age.
Muscle mass develops progressively throughout childhood and
adolescence and in some into adulthood.

In adults, lung volume at end-expiration or functional resid-
ual capacity (FRC) is mainly set passively by the balance
between the inward recoil of the lung and outward recoil of the
chest wall. Newborns have compliant chest walls that would
allow nearly complete collapse of lungs if it were not for the
activity of muscles. Expiratory braking occurs by active glottic
narrowing and by the interruption of expiration by the onset of
inspiration, or by both mechanisms. Indeed, the major function
of the active Hering-Breuer reflex in infants may be to terminate
expirations before lung volume gets too small. This response
may disappear once the chest wall has become stiff enough 
to prevent collapse. End-expiratory lung volume is actively
maintained by infants until about 6 to 12 months of age, when
the passive characteristics of the lung and chest wall appear to
determine resting end-expiratory lung volume.27

The easy collapsibility of the rib cage is probably advanta-
geous during birth, when it allows for deformation of the chest
as it passes through the birth canal and for easier expulsion of
liquid from the lungs before the first breath. Thereafter the 
collapsibility is probably disadvantageous but affordable in a
healthy infant because of relatively small metabolic demands.
The parenchyma of the lungs develops during the postnatal
period, and the rib cage may be thought of as doing the same.
The infant rib cage “caves in” during obstructed inspiration,
whereas the adult rib cage does not.

■ AGE AND RESPIRATORY FUNCTION

Respiratory structures change remarkably during growth. What
are the functional implications of such changes? Lung volume
and volume-pressure relationships (e.g., pulmonary compliance)
should reflect parenchymal (alveolar) development, and airflows
and pressure-flow relationships (resistances and conductances)
should reflect airway development. But the relationships are not
as direct as they might seem.

Pulmonary compliance depends on the number of air spaces
expanded, the size and geometry of the air spaces, the character-
istics of their surface lining layer, and the properties of the lung
parenchyma that change with growth and maturation.

Changes in the shape, magnitude, or curvilinearity of volume-
pressure curves do point to maturational changes in growing lungs.



The lung volume at which airways close is higher in younger
children (7 years) and in elderly adults than in older children
and young adults.28 Airway closure in infants is graphically 
illustrated by the atelectasis observed in dependent portions of
the lung in computed tomography scans. Lung recoil is reduced
in younger lungs29–31 and increases as the lungs mature in early
adulthood to decline again in the elderly32 (Fig. 3-3).

Measurements of chest wall compliance in the tidal range in
children younger than 4 years33 further confirm the marked
stiffening of the chest wall in early childhood suggested by the
measurements of Thorsteinsson and co-workers34 and the earlier
measurements of Sharp and co-workers.35 Chest wall compli-
ance corrected for body and therefore lung size was about 50%
greater in infants younger than 1 year compared to children
older than 1 year. Furthermore, the relationship between chest
wall and lung compliance changes. In infants chest wall compli-
ance is threefold greater than lung compliance, but in children
and adults these values are virtually equal. These marked physi-
ologic changes in mechanical properties of both the lung and 
the chest wall parallel the remarkable growth of these structures.

Pressure-volume curves of the total respiratory system34

mimic those of the lung in young children in that they are more
curvilinear and at a given pressure the respiratory system is at a
higher fraction of its total volume. However, for individuals 2 to
16 months of age, curves are very similar, probably reflecting
increasing inward recoil of the lung balanced by increasing 
outward recoil of the chest wall. Overall, the total respiratory
system becomes increasingly stiff with increasing age, and these
changes are particularly remarkable in the child younger than 5.

Changes in airways and pulmonary and total respiratory 
system resistance with age are difficult to interpret, since they
involve a substantial and often variable contribution from the
upper airway, notably the glottis. This upper airway resistance
can comprise more than 50% of measured resistance, making
measurements of resistance less useful for inferring growth patterns

in normal subjects or changes associated with diseased lungs.
The available measurements of resistance, despite the limitations
noted above, suggest that resistance declines through infancy
and compliance increases, but the increase in compliance is
greater than the reduction in resistance during the first years 
of life.36 These observations and the observation that specific
conductance in infant lungs is greater than in older lungs is
entirely consistent with the sequence of airway and parenchymal
development.37 The airways in the newborn lung are large 
compared with the relatively scanty parenchyma they serve.

Maximal expiratory flow (MEF) does not depend on any
manipulation of the glottis and reflects only the intrathoracic
properties of the lung and airway. It is another measure of 
airway properties, depending on the physical properties of the
gas, the physical properties of the airway wall, the elastic recoil
of the lung, the degree of lung inflation, and the resistive pres-
sure losses along the airway. Nevertheless, MEF-volume curves
can be interpreted in terms of the relative size of airways and
parenchyma. The average slope of a flow-volume curve (i.e., the
best straight line fit to the descending portion of the curve)
expresses the mean maximum rate of emptying. This rate
depends on the relative sizes of the airways and lung parenchyma.
The smaller the lung, the more rapidly it empties through an
airway of a given size and resistance. Similarly, the greater the
size of the airways, and hence the lower their resistance, the
more rapidly a lung of a given size empties. Estimates of rates of
lung emptying can be made for infants, children, and adults.
The lung of the infant empties four times faster than the lung 
of an adult, with rate constants of 7.8 compared to 1.7 (rate
constant is flow/volume, which is 1/time, i.e., rate).38 Data 
collected in children 3 weeks to 15 years of age supports the 
relative greater increase in lung parenchyma growth relative to
airway growth throughout childhood.36

The available measurements from infancy to adolescence
reflect and parallel structural changes in the lungs. Compliance in
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■ FIGURE 3-3. Deflation volume-pressure curves of the lung. A, Data plotted from curves on excised lungs obtained by Fagan.29,30 The lung volume at a transpul-
monary pressure of 30 cm H2O is taken as 100% of total lung capacity. B, Data taken from the work of Zapletal and co-workers31 are plotted in solid lines. Age is
estimated from height. For comparison, the curve for subjects older than 45 years is shown with dashed lines.32 With increasing age up to young adulthood the curves
become straighter, and at a given lung volume elastic recoil is greater. The curve from elderly subjects (dashed line) resembles that from a 7-year-old.



absolute terms increases as new alveoli develop, but the changes in
shape of the volume-pressure curve suggest that to some extent
maturation makes the lung relatively stiffer. As the volume of 
the lung parenchyma enlarges relative to airway volume, specific 
conductance and indices of rates of emptying fall. However,
these broad developmental changes may not be as important 
to the occurrence of lung disease as individual variability. 
In adults, considerable variability in indices of airway and lung
size exists. Some individuals apparently have relatively large 
airways and small lungs, and vice versa. Some data indicate 
substantial tracking of lung volumes and of indices of airway 
size that have been documented from age 6 years through 
adolescence.39 These observations suggest that this dysanapsis
between airway and lung parenchyma growth begins in early life
and presumably is genetically determined. Whether it bears on
disease susceptibility remains to be seen, but there is increasing
epidemiologic evidence that disease in childhood, at least the
occurrence of wheezing with lower respiratory infections, is linked
to physiologic indicators of lung and airway size established 
during early infancy.40–42

■ AGE, STRUCTURE, FUNCTION,
AND AIRWAY REACTIVITY

Data from a number of investigators suggest that infants’ and
children’s airways are more reactive to methylcholine and 
histamine than are the airways of adults.42 Under static condi-
tions the amount, location, and length-tension relationship
determine the contractile response of smooth muscle. However,
airway reactivity may be modulated by cyclic changes in tidal
volume and cyclic changes in force applied to the smooth mus-
cle.43,44 This force may be altered by the number of attachments
to the airway wall, elastic recoil of the lung, airway wall thick-
ness both inside and outside the airway, and presence of fluid
within the airway.45 A number of these factors, for example, the
thickness of the airway wall and the number of parenchymal
attachments, are altered by growth of the lung.

Edema of the outer airway wall, which occurs in viral illnesses,
pulmonary overcirculation, and inflammation of the airway
wall, uncouples the attachments of the parenchyma to the air-
way wall. This results in increased airway reactivity to inhaled
bronchoconstrictors.

To evaluate airway reactivity, usually increasing concentrations
of a bronchoconstrictor, methacholine or histamine, are nebu-
lized and inhaled. The dose required to produce a decrease in a
measured parameter of some fixed percentage of baseline value
is used as the expression of reactivity, for example, a 20% decline
in forced expiratory volume in 1 second (FEV1).

Infants and young children have lower inspiratory flow 
rates than do adults and will entrain less air to dilute the nebu-
lizer output. Normal children 6 months to 1 year of age have
inspiratory flow rates that approximate nebulizer output and
will deliver a higher dose of the bronchoconstricting agent to 
the airways.46 On the other hand, adjusting the concentration of
the bronchoconstrictor on a mg/kg basis results in very little
drug or bronchoconstrictor delivered to the child, since the dose
is further “size corrected” by the lower minute ventilation of
smaller subjects. In studies where “dose” appears to be adequately
controlled, younger human subjects appear to be more reactive
than older ones.

The younger lung thus has many of the features of the 
asthmatic lung. These structural features may be important

determinants of the frequency of wheezing in young children
and the increased response to bronchoconstricting agents. 
It does not require a greater inflammatory response, cytokine
release, or smooth muscle response, although these may or may
not be present.

■ AGE STRUCTURE, FUNCTION, AND
MANIFESTATION OF DISEASE

When the structure and mechanical behavior of the young
infant’s and child’s respiratory system are compared to those of
the mature adult (but not the elderly), important differences
emerge that are likely to influence the pattern of disease. Some
of these differences, such as the reduced lung recoil, are shared
by the elderly and likely influence the pattern of respiratory 
disease in that population as well.

1. The young lung lacks elastic recoil; as a result, airways are
less well supported. This will be particularly true if there
are fewer parenchymal attachments.16 Greater airway
closure favors inhomogeneity of gas exchange and the
development of patchy atelectasis frequently observed in
the child under school age.

2. Airway walls of young lungs may be thicker.10,16

This, combined with reduced elastic recoil, favors greater
airway narrowing for any degree of smooth muscle 
contraction.

3. The chest wall is relatively more compliant in the young
child and stiffens with increasing age. As a result, the
infant can develop paradoxical respiration. Respiratory
muscle activation during inspiration can produce inward
displacement of the rib cage, contributing to increased
respiratory work for a given level of ventilation, particu-
larly during rapid eye movement (REM) sleep. The appar-
ent fatigue resistance of the infant’s respiratory muscles
may offset the increased demand for respiratory work.
The deformability of the chest wall influences findings on
physical examination. Chest wall–abdominal paradox
may be normal in the premature infant during REM
sleep but not in the older child or adult.

4. Finally, infants and children have frequent respiratory
tract infections, particularly if they attend daycare, school,
or come from large families. It may be that the profuse
secretions are aspirated and with a shorter path length to
peripheral airways, the epithelium lining these structures
becomes infected. Airway cell sloughing, loss of ciliated
epithelial cells, injury to epithelial cells with cytokine
release, and possible increased bronchovascular perme-
ability contribute to airway wall thickening, edema of 
the airway wall, and attenuation of the tethering effects 
of parenchymal–airway wall attachments. The effects of
any degree of airway smooth muscle contraction will be
exaggerated and contribute to the uneven ventilation and
perfusion and modest hypoxemia observed in so many
children with respiratory tract infections.
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Knowledge of the normal development and physiologic func-
tion of the lungs is required to understand the pathophysiology
that is seen in disease. Historically, our understanding of lung
function was derived solely from clinical observation and post-
mortem histologic examination. The development of invasive
and noninvasive techniques that were capable of assessing lung
function in living subjects greatly improved our understanding
of lung physiology on an “organ basis.” There has been an
explosion of knowledge in cellular and molecular biology, 
which are covered in detail in other chapters in this section. This
chapter will concentrate on organ physiology.

■ NORMAL LUNG ANATOMY AND 
CELL FUNCTION

A knowledge of normal lung anatomy is one of the basic require-
ments for understanding lung function in health and disease.
Because detailed descriptions of lung anatomy are available 
elsewhere, this section will focus on selected aspects of gross 
and microscopic anatomy to enable the reader to understand
the physiologic changes that occur in congenital and acquired
lung disease.

■ AIRWAYS

The basic structure of the airways is already present at birth, and
thus neonates and adults share a common bronchopulmonary
anatomy (Fig. 4-1). When airways divide, they do so by dichoto-
mous branching, but the number of times that branching occurs
varies. For example, there may be anywhere from 10 (hilar region)
to 25 (basal region) airway divisions before the gas-exchanging
units are reached. This airway variability has physiologic impli-
cations; different pathways will have different resistances to air-
flow, and a heterogeneous distribution of gases or inhaled
particles may occur. As the bronchi branch and decrease in size,
they lose their cartilage and become bronchioles. Ultimately, 
a terminal bronchiole opens up into the gas-exchanging area of
the lung (Fig. 4-2).

The airways are lined with an epithelial membrane that grad-
ually changes from ciliated pseudostratified columnar epithelium
in the bronchi to a ciliated cuboidal epithelium near the gas-
exchanging units. Ciliated cells predominate throughout this
epithelium and are responsible for propelling mucus from the
peripheral airways to the pharynx. This mucociliary transport
system is an important defense mechanism of the lungs. The
mucous layer has two parts, a superficial gel layer and a deeper
sol layer. The cilia form a dense, long carpet on top of the
epithelial cells, and their coordinated to-and-fro action 
propels the gel mucous layer toward the oropharynx. Cilia are 
a derivative of the centrioles, and there are approximately 200 of
them on the apex of each ciliated cell. The cilia are anchored

within the cell with a basal body that is oriented in the direction
of mucous movement. The shaft of the cilium has a central pair
of single tubules that are connected via radial spokes to nine
peripheral pairs of tubules. The tip of the cilium has tiny hook-
lets that probably help grab the gel component of the mucous
layer and propel it forward. The cilium has a beat frequency of
12 ± 1 SD Hz and is coordinated both with other cilia on that
cell and concurrently with the cilia on adjacent cells to yield 
a synchronized wave flowing up the airway. Primary ciliary
dyskinesia (PCD) is a group of disorders that includes
Kartagener’s syndrome and the erroneously named immotile
cilia syndrome. In PCD there are defects within the tubules, in
their inner or outer dynein arms, or in the radial arms that result
in a disorganized movement of the cilia that precludes normal
mucociliary transport and results in chronic bronchitis and
repeated pneumonias (see Chapter 63).

Mucous glands, which are present in large and small bronchi,
are the chief source of airway secretions, and contain both
serous and mucus-producing cells. Goblet cells are seen in the
trachea and bronchi. They produce mucin within their rough
endoplasmic reticulum and Golgi apparatus. Mucin is a viscous
mixture of acid glycoproteins that contributes to the mucous
layer. Mucous glands and goblet cells can increase in number in
disorders such as chronic bronchitis, the result being mucous
hypersecretion and increased sputum production. There are 
several other cell types found within the airways; however, their
functional significance is less well understood. The basis cell,
commonly seen within the pseudostratified columnar epithe-
lium, is undifferentiated and may be a precursor of ciliated or
secretory cells. The brush cell has a dense tuft of broad, short
microvilli and is only rarely seen within the conducting airways
and alveolar space. Clara cells are seen exclusively within the
bronchiolar region of the lung. Their physiologic role has been
uncertain, but data suggest that they may play two important
roles. First, because they contain but do not synthesize sur-
factant apoproteins, they may recycle surfactant within the 
distal lung unit. Second, they are capable of actively transport-
ing sodium from their apical to their basal side and thus 
may be involved in the reabsorption of fluid from the distal 
lung unit.

There are curious cells found within the airways that are
believed to possess neuroendocrine properties. They are known
under a variety of names, including Feyrter or Kulchitsky cells.
Histochemical staining indicates that they contain a variety of
vasoactive peptides, including serotonin and kinins, so these cells
may belong to the class of amine precursor uptake and decar-
boxylation (APUD) cells. These neuroendocrine cells are 
innervated and are found more frequently, and in groups 
(neuroepithelial bodies), within the fetal airways or in pediatric
disorders characterized by chronic hypoxemia (e.g., bronchopul-
monary dysplasia).
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Histologically, the remainder of the airway consists of the
submucosa, with its network of blood vessels and nerves, and a
variable amount of smooth muscle and cartilage. Within the
submucosa are found mast cells containing vasoactive peptides
and amines, cells of the immune system (plasma cells, lympho-
cytes, and phagocytes), and mucous glands. In the main stem
bronchi, cartilage is present in C-shaped rings. However, as 
further branching occurs, progressively less cartilage is present,

so that bronchi 2 mm in diameter have cartilage only at the 
origins of the bronchioles. Cartilage adds structural rigidity to
the airway and thus plays an important role in maintaining air-
way patency, especially during expiration. Congenital deficiency
of airway cartilage and hence airway instability has been associ-
ated with bronchiectasis (Williams-Campbell syndrome) and
congenital lobar emphysema.

The smooth muscle content of the airway also varies with its
anatomic location. In the largest airways a muscle bundle con-
nects the two ends of the C-shaped cartilage. As the amount of
cartilage decreases, the smooth muscle assumes a helical orienta-
tion and gradually becomes thinner, ultimately reaching the
alveolar ducts. Muscle contraction increases airway rigidity in all
airways and terminal respiratory units.

Although it has been widely assumed that the airway muscles
of newborn infants are inadequate for bronchoconstriction, this
assumption is not correct. Even premature infants have smooth
muscle, and although the amount may be statistically less than
that seen in adults, it is likely enough to constrict the infant’s
much more compliant airways. Indeed, pulmonary function test
results have demonstrated that airway resistance can be altered
with bronchodilating drugs. The belief that infants have little or
no smooth muscle in their airways is even less tenable in such
disorders as bronchopulmonary dysplasia and left-to-right con-
genital heart disease, in which hypertrophy of the airway
smooth muscle has been demonstrated by morphometric mea-
surement. Congenital deficiency of large-airway smooth muscle
and elastic fibers is associated with marked dilatation of the 
trachea and bronchi, which promotes retention of airway 
secretions and ultimately leads to recurrent pulmonary sepsis
(Mounier-Kuhn syndrome).

■ TERMINAL RESPIRATORY UNIT

The terminal respiratory (gas-exchanging) unit consists of the
structures distal to the terminal bronchiole: the respiratory
bronchioles (bronchioles with alveoli budding from their walls),
alveolar ducts, and alveoli. This unit is also known as an acinus
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■ FIGURE 4-2. The architecture of the
lung. A, Fresh frozen cat lung. Segmental
cartilaginous bronchus and branches. The
pulmonary artery is close to the airway; the
pulmonary vein is in a more peripheral
location (original magnification ×4). 
B, Fresh frozen cat lung (original magnifi-
cation ×4). Terminal bronchiole with many
alveolar ducts arising from it. C, Thick sec-
tion of cat lung. A single alveolar wall is in
the plane of focus. Individual red blood
cells in alveolar capillaries are clearly seen
(original magnification ×100). D, Guinea
pig, fixed thin section. The terminal respi-
ratory unit, with alveoli shown as out-
pouchings of the alveolar duct, arises from
the terminal bronchiole at the top of the
picture. Note that three vessels, probably
pulmonary veins, mark the distal bound-
aries of the unit (original magnification
×15). (From Dr. Norman Staub [All but 
A appeared in color in]: The interdepend-
ence of pulmonary structure and function.
Anesthesiology 1963;24:831–834.)

■ FIGURE 4-1. The nomenclature of bronchopulmonary anatomy, from a
report by the Thoracic Society in 1950. A, Right lateral view. B, Anterior view.
C, Left lateral view. (Adapted from Negus V: The Biology of Respiration.
Baltimore: Williams & Wilkins, 1955.)



and may be considered the basic functional unit of the lung.
Terminal respiratory units are well suited for gas exchange. In the
adult lung these units have a total gas volume of 2500 mL and
a surface area of about 80 m2, yet all alveoli are within 5 mm of
the closest terminal bronchiole. True alveoli are not spherical but
more closely resemble hexagons with flat, sheet-like surfaces.
The average alveolar diameter ranges from 250 to 300 μm.
Within the terminal respiratory units, two types of intercom-
municating channels provide collateral ventilation for the gas-
exchanging units. The alveolar pores of Kohn are holes in the
alveolar wall 3 to 13 μm in diameter that perhaps provide chan-
nels for gas movement between contiguous alveoli. These pores
are not present in newborn lungs. The canals of Lambert are
accessory channels that connect a small airway to an airspace
normally supplied by a different airway.

The alveoli are lined by two types of epithelial cells (Fig. 4-3).
The type I epithelial cell is an extremely broad, thin (0.1 to 0.5 μm)

cell that covers 95% of the alveolar surface. It is a markedly dif-
ferentiated cell possessing few organelles. The type II epithelial
cells are more numerous than type I cells, but owing to their
cuboidal shape, type II cells occupy only 5% of the alveolar 
surface area (Table 4-1). They are characterized histologically by
microvilli and osmophilic inclusion bodies.

The type II epithelial cell maintains homeostasis within the
alveolar space in several ways. First, it is the source of pulmonary
surfactant and as such indicates maturity of the lung; it decreases
the surface tension at the alveolar air-liquid interface. Second,
this cell is likely the precursor of the alveolar type I cell and thus
plays a key role in the repair process following lung injury.
Third, it is capable of actively transporting ions against an 
electrochemical gradient and likely is involved in both fetal lung
liquid secretion and, postnatally, the reabsorption of fluid from
the airspace following the development of alveolar pulmonary
edema (see the later section on Fetal Lung Liquid Secretion).
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■ FIGURE 4-3. A, Electron micrograph
of a type II epithelial cell. This particular
cell is from a dog’s lung but is similar to
those found in all mammalian lungs. The
airspace is in the upper portion of the 
figure. The arrow points to the osmophilic
inclusions that are thought to be associated
with the alveolar lining substance. The cell
rests on a basement membrane that sepa-
rates it from the capillary endothelium 
in the lower part of the picture. B, Normal
human lung showing the attenuated alveo-
lar cytoplasm of a type I epithelial cell. Alv,
alveolus; Bm, basement membrane; Cap,
capillary; Cm, erythrocyte cell membrane;
End, capillary endothelium; Ep, cytoplas-
mic layer of an epithelial cell. (A, Courtesy
of E.S. Boatman and H.B. Martin. B, From
Schultz H: The Submicroscopic Anatomy
and Pathology of the Lung. Berlin:
Springer-Verlag, 1959.)A
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Two pediatric disorders associated with the type II epithelial cell
are (1) its lack of maturity and surfactant secretion in respiratory
distress syndrome and (2) its excessive and disordered secretion
of surfactant in alveolar proteinosis.

The cell junctions (zonulae occludentes) between alveolar
type I and type II epithelial cells are very tight and restrict the
movement of both macromolecules and small ions such as
sodium and chloride. This tightness is an essential characteristic
of the cells lining the alveolar space; it enables the active trans-
port of ions. Also these tight junctions provide a margin of
safety for patients susceptible to pulmonary edema: significant
interstitial pulmonary edema can be present without alveolar
flooding occurring, thus preserving gas exchange.

There is a thick side and a thin side to the alveolar capillary
membrane. Gas exchange is thought to occur predominantly on
the thin side, where there are only the alveolar epithelial cell,
fused basement membranes, and capillary endothelial cell (see
Fig. 4-3). Capillaries undergo considerable stress (e.g., during
exercise or lung hyperinflation) and must have great tensile
strength. This strength is mainly imparted by type IV collagen
located in the basement membrane. The thick side of the barrier
consists of connective tissue, amorphous ground substance, and
scattered fibroblasts. The thick side, in addition to providing
structural support, acts as a site of fluid and solute exchange.

■ PULMONARY VASCULAR SYSTEM

The lung receives blood from both ventricles. The entire right
ventricular output enters the lung via the pulmonary arteries,
and blood ultimately reaches the gas-exchanging units by one of
the pulmonary arterial branching systems. Conventional arteries
accompany the bronchial tree and divide with it, each branch
accompanying the appropriate bronchial division. Supernumerary
arteries do not travel with the airways but directly supply the
gas-exchanging units. These extra arteries actually outnumber 
the conventional ones and supply approximately one third of
the pulmonary capillary bed. Their specific physiologic role is
unclear. The pulmonary capillary bed is the largest vascular bed in
the body and covers a surface area of 70 to 80 m2. The network
of capillaries is so dense that it may be thought of as a sheet of
blood interrupted by small vertical supporting posts. The pul-
monary veins return blood to the left atrium via conventional
and supernumerary branches. By virtue of their larger numbers
and thinner walls, the pulmonary veins provide a large reservoir
for blood and help maintain a constant left ventricular output in
the face of a variable pulmonary arterial flow.

The bronchial arteries, usually three in number, provide a
source of well-oxygenated systemic blood to the lungs. This blood

supply nourishes the walls of the bronchi, bronchioles, blood
vessels, and nerves in addition to perfusing the lymph nodes 
and most of the visceral pleura. There are numerous communi-
cations between the bronchial arterial system and the remainder
of the pulmonary vascular bed: a portion of the blood returns 
to the right atrium via bronchial veins, and a portion drains 
into the left atrium via pulmonary veins. Although normally 
the bronchial arteries receive only 1% to 2% of the cardiac 
output, they hypertrophy in chronically infected lungs, and
blood flow may easily increase by more than 10-fold. This is
clinically important because virtually all hemoptysis originates
from the bronchial vessels in such disorders as cystic fibrosis 
or bronchiectasis.

Histologically, the pulmonary arteries can be classified as
elastic, muscular, partially muscular, or nonmuscular. The elastic
pulmonary arteries are characterized by elastic fibers embedded
in their muscular coat, whereas the smaller muscular arteries
have a circular layer of smooth muscle bounded by internal and
external elastic laminae. As arteries decrease further in size, only
a spiral of muscle remains (partially muscular arteries), which
ultimately disappears so that vessels still larger than capillaries
have no muscle in their walls (nonmuscular arteries). In the
adult lung, elastic arteries are greater than 1000 μm in diameter,
and muscular arteries range from 150 to 100 μm. In the pedi-
atric age group, histologic structure is not as easily determined
from vessel size. Reid and co-workers have demonstrated that
during growth of the lung a remodeling of the pulmonary 
vasculature occurs. Muscularization of the arteries lags behind
multiplication of alveoli and appearance of new arteries.
Therefore, the patient’s age must be considered before histologic
structure can be assumed from vessel size within the pulmonary
acinus (Fig. 4-4). Notably, in the fetus and newborn the amount
of pulmonary arterial smooth muscle is increased and regresses
after birth. This is functionally important since a high pulmonary
arterial resistance is a feature of the fetal circulation in associa-
tion with a large right to left shunt via the ductus arteriosus.
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■ TABLE 4-1. Cellular characteristics of the 
human lung

Total Cells Apical Surface 
Cell Type (%) Area (μm2)

Epithelium
Alveolar type I 8.3 5098
Alveolar type II 15.9 183

Endothelium 30.2 1353
Interstitial 36.1
Alveolar macrophages 9.4

Data from Crapo JD, Barry BE, Gehr P, et al: Cell number and cell charac-
teristics of the normal human lung. Am Rev Respir Dis 1982;125:740–745.
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■ FIGURE 4-4. The populations of the three arterial types: muscular (M),
partially muscular (PM), and nonmuscular (NM), in fetus, child, and adult. The
distribution of structure in size is similar in fetus and adult, whereas 
during childhood NM and PM structures are found in much larger arteries.
E.D., external diameter. (From Reid LM: The pulmonary circulation.
Remodelling in growth and disease. Am Rev Respir Dis 1979;119:531.)



The endothelium of the pulmonary vascular system is con-
tinuous and nonfenestrated. It is an intensely active cell layer
and is not just serving a passive barrier function. The endothe-
lial cell produces a glycocalyx that interacts with blood-borne
substances and blood cellular elements, thereby influencing such
homeostatic functions as hemostasis. The endothelium produces
von Willebrand factor, which is part of the factor VIII complex
and is necessary for normal platelet function. Similarly, there are
enzymes located on the surface and within the cell itself that are
capable of synthesizing, altering, or degrading blood-borne
vasoactive products. The individual cells are separated by gaps 
of approximately 35 Å in radius, which allow the free movement
of water and small ions but restrict the movement of proteins.
The cells and the basement membrane on which they sit carry
different net surface charges, which affect the movement of
anionic macromolecules such as proteins and thus affect lung
water and solute exchange (see Chapter 43). The capacity of the
pulmonary endothelium and its basement membrane to restrict
fluid and protein movement is impressive. It has been estimated
that the amount of lung lymph flow is only 10 to 20 mL/hr
despite a total blood flow of 300,000 mL/hr.

■ LYMPHATIC SYSTEM

There is an extensive interconnecting network of lymphatic 
vessels throughout the lung. The major function of this network
is to collect the protein and water that has moved out of the 
pulmonary vascular space and to return it to the circulation,
thus maintaining the lung at an appropriate degree of hydration.
The lymphatic vessels travel alongside the blood vessels in the
loose connective tissue of the pleura and bronchovascular spaces.
It is likely that there are no lymphatics within the alveolar wall
itself and that juxta-alveolar lymphatics represent the begin-
ning of the pulmonary lymphatic system. Histologically, the 
lymphatic capillaries consist of thin, irregular endothelial cells
lacking a basement membrane. Occasionally, there are large gaps
between endothelial cells that allow direct communication with
the interstitial space. Larger lymphatic vessels contain smooth
muscle in their walls that undergoes rhythmic contraction. 
This muscular contraction plus the presence of funnel-shaped,
monocuspid valves ensures an efficient unidirectional flow of
lymph. In addition to helping maintain lung water balance, the
lymphatic system is one of the pulmonary defense mechanisms.
It aids in removal of particulate matter from the lung, and aggre-
gates of lymph tissue near major airways contribute to the host’s
immune response.

■ INNERVATION OF THE LUNG

The lung is innervated by both components of the autonomic
nervous system. Parasympathetic nerves arise from the vagus
nerve, and sympathetic nerves are derived from the upper tho-
racic sympathetic ganglia. These branches congregate around
the hila of the lung to form the pulmonary plexus. Myelinated
and nonmyelinated fibers then enter the lung tissues and travel
along with and innervate the airways and blood vessels. Although
the anatomic location of pulmonary nerves has been elucidated,
their physiologic role in health and disease is incompletely
understood. In general, the airways constrict in response to vagal
stimulation and dilate in response to adrenergic stimulation.
The pulmonary vasculature appears to be maximally dilated
under normal conditions, and it is difficult to demonstrate 

any significant physiologic effect of either parasympathetic or
sympathetic stimulation. The vascular response, however, is
influenced by age and initial vascular tone. For example, in fetal
lungs where there is an abundance of pulmonary vascular
smooth muscle, vagal stimulation results in significant vaso-
dilatation, and sympathetic stimulation results in marked 
vasoconstriction.

Sensory nerves from the lungs are vagal in origin and arise
from slowly and rapidly adapting receptors and from C-fiber
receptors. The slowly adapting (stretch) receptors, located in the
smooth muscle of the airway, are stimulated by an increase in
lung volume or transpulmonary pressure. They induce several
physiologic responses including inhibition of inspiration
(Hering-Breuer reflex), bronchodilatation, increased heart rate,
and decreased systemic vascular resistance. The rapidly adapting
vagal (irritant) receptors are activated by a wide variety of 
noxious stimuli, ranging from mechanical stimulation of the 
airways to anaphylactic reactions within the lung parenchyma.
The rapidly adapting receptors induce hyperpnea, cough, and
constriction of the airways and larynx. C-fiber receptors are 
the terminus of nonmyelinated vagal afferents. They include the
J receptors that are located near the pulmonary capillaries and
are stimulated by pulmonary congestion and edema; they evoke
a sensation of dyspnea and induce rapid shallow breathing along
with laryngeal constriction during expiration.

In addition to the sympathetic and parasympathetic nervous
systems, humans and several other species have a third nervous
system within their lungs. The noncommittal name nonadrener-
gic noncholinergic nervous system has been chosen because its func-
tion and properties are not understood. Purines, substance P,
and vasoactive intestinal polypeptide have been suggested as
possible neurotransmitters for this system.

■ INTERSTITIUM

The interstitium plays several roles in lung function in addition
to providing a structural framework that consists of insoluble
proteins. The ground substance influences cell growth and 
differentiation and lung water and solute movement. The cells
contained within the interstitial region of the lung not only play
individual roles that result from their contractile or synthetic
properties but they also interact with other cells, such as the
endothelium and epithelium, to alter the basic structure and
function of the lung.

Most of the interstitial matrix of the lung is composed of 
type I collagen. Type I collagen, along with the less common
types II, III, IV, and V, forms a structural, fibrous framework
within the lung. The three principal components of this frame-
work, which include the axial, peripheral, and septal fiber 
systems, are illustrated in Figure 4-5. Elastin, a contractile insol-
uble protein, provides elasticity and support to the structures.
Both elastin and collagen turn over very slowly under normal
conditions. However, rapid remodeling with changes in these
proteins sometimes occurs. In diseases such as α1-antitrypsin
deficiency (affecting elastin) and pulmonary fibrosis (affecting
collagen), there are marked qualitative and quantitative changes
in these proteins. The remainder of the matrix is made up of
proteoglycans and glycosaminoglycans. These carbohydrate-
protein complexes can affect cell proliferation and differen-
tiation in addition to their known effect on cell adhesion 
and attachment (e.g., laminin) and ability to diminish fluid
movement (glycosaminoglycans).
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Fibroblasts are capable of synthesizing collagen, elastin, and
glycosaminoglycans and hence contribute significantly to the
composition of the lung’s interstitial space. They can be found
within all of the interstitial regions of the lung, although their
apparent structure may change. For example, because “myo-
fibroblasts” contain obvious contractile elements, they may rep-
resent fibroblasts that are capable of contraction, or they may 
be cells that are intermediate between fibroblasts that are capa-
ble of contraction, or they may be cells that are intermediate
between fibroblasts and smooth muscle cells. Similarly, it is
likely that morphologically similar fibroblasts are not similar in
terms of proliferative capacity and ability to synthesize various
types of collagen. Data suggest that fibrotic lung diseases are
characterized by the loss of the normal heterogeneous fibroblast
population and that there may be a selection for certain clones
that promote inappropriate collagen deposition within the lung
parenchyma.

Smooth muscle cells are contractile interstitial cells that
influence the bronchomotor and vasomotor tone within the
conducting airways and blood vessels. They are also seen within
the free edge of the alveolar septa, and they form an alveolar
entrance ring that is capable of constricting or dilating. The
smooth muscle cells form bundles connected by nexus or gap
junctions that enable electrical coupling and synchronous con-
traction. The pericyte is another interstitial cell that is found
between the basement membrane and the endothelium. It is
believed to be a precursor cell that can differentiate into a
mature vascular smooth muscle cell.

There are a variety of interstitial cells that are concerned with
immune and nonimmune defense of the lung. The interstitial
macrophage and the alveolar macrophage are predominantly
responsible for nonimmune defense, which they manage by
ingesting particulate matter and removing it from the lung.
These macrophages are capable of secreting many compounds,
including proteases and cytokines (substances capable of modu-
lating the growth and function of other cells). B and T lym-
phocytes are present in the lung and especially within the
bronchus-associated lymphoid tissue, where they contribute to
the humoral and cellular-mediated immune response.

Although not within the interstitium per se, there are 
large numbers of intravascular granulocytes that adhere to the 

pulmonary endothelium. Indeed, next to the bone marrow and
spleen, there are more granulocytes within the lung than in any
other organ. These granulocytes can be released into the sys-
temic circulation during such stimuli as exercise or the infusion
of adrenalin, and this demargination is responsible for the con-
comitant blood leukocytosis. These leukocytes are also in a
prime location for movement into the lung should an infection
or inflammatory stimulus occur. There is much evidence to sug-
gest that the pulmonary granulocyte contributes to the pul-
monary dysfunction seen in acute lung injury or acute
respiratory distress syndrome. Leukocytes also contain proteases
that are thought to play a role in the development of emphy-
sema and in the lung destruction that occurs in cystic fibrosis.

■ GROWTH AND DEVELOPMENT 
OF THE LUNG

■ PRENATAL LUNG GROWTH

Intrauterine growth and development of the lung have been
divided into various stages with names that reflect the respective
histologic appearance of the lung, the region of the lung that is
most obviously developing, or both. Obviously, all the regions
of the lung are developing during the various stages; in addition,
there are variations in growth rates among individual fetuses.
Thus, there is no exact differentiation between the various stages.
However, the major reason for identifying these stages of devel-
opment is to improve our understanding of how and why spe-
cif ic congenital lesions occur. Obviously, the child with
unilateral lung agenesis must have had defective lung develop-
ment much earlier than another child with a peripheral congen-
ital lung cyst.

The five stages of lung development are (1) embryonic (days
26 to 52), (2) pseudoglandular (day 52 to week 16), (3) canalic-
ular (weeks 16 to 28), (4) saccular (weeks 28 to 36), and 
(5) alveolar (week 36 to term). This classification recognizes 
that there are true alveoli present in the human lung before
birth, with the first being seen at 29 to 32 weeks of gestation.
This example illustrates the inexact nature of staging lung 
development, since the alveolar period does not “begin” until 
36 weeks (Fig. 4-6).

The lung first appears in the embryonic period as a ventral
outpouching of the primitive gut. The primary bronchi elongate
into the mesenchyme and divide into the two main bronchi. 
In the pseudoglandular period, the branching continues by
means of a higher mitotic rate in the epithelium relative to the
mesenchyme. The mesenchyme differentiates into cartilage,
smooth muscle, and connective tissue around the epithelial
tubes. By the end of the pseudoglandular period (16 weeks) 
all the major conducting airways, including the terminal bron-
chioles, have formed. The canalicular period is characterized 
by the development of respiratory bronchioles, each of which
ends in two or three thin-walled dilatations called terminal sacs
or primitive alveoli. Vascularization of the lung interstitium
intensifies, and the glandular appearance is lost as there is a
decrease in the relative amount of connective tissue. Further 
differentiation of the respiratory portion of the lung takes place
during the saccular period. During this period, there is for the
first time close contact between the airspace and the bloodstream,
as the pulmonary capillaries rapidly proliferate and the epithe-
lium thins. Gas exchange is now possible, although obviously 
it is not optimal. Elastic fibers, which will be important in 
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■ FIGURE 4-5. Schematic diagram of the fibrous support of the lung. 
See text for detail. (From Weibel ER, Bachofen H: How to stabilize the alveoli.
Surfactant or fibers. News Physiol Sci 1987;2:72–75.)



subsequent true alveolar development, are beginning to be laid
down. At this time, cuboidal (type II) and thin (type I) epithe-
lial cells line the airspace. During the alveolar period, further
refinement takes place as tiny secondary septa form on the walls
of the larger saccules. These outpouchings grow into the lumen
and form the walls of true alveoli, thus further increasing the
surface area available for gas exchange.

The development of the pulmonary vasculature coincides
with the development of the airways. During the embryonic
period, the main pulmonary artery arises from the sixth branchial
arch and nourishes the developing lung bud. Throughout the
pseudoglandular period, arteries are evident alongside the con-
ducting airways. In addition to the conventional arteries that
branch and travel with the airways, supernumerary arteries are
evident by 12 weeks of gestation. By 16 weeks of gestation, 
all preacinar arterial branches have formed; although these 
will increase in size and length, no new preacinar branches will
appear. During the canalicular period, the lung develops a rich
vascular supply that is closely associated with the respiratory
bronchioles. As saccules begin to develop during the saccu-
lar period, capillaries can be found within the walls of the 
airspaces in close contact with the epithelium. Gas exchange 
can now occur.

The maturation of surfactant production has been studied
intensively since the discovery that prematurely born infants
with hyaline membrane disease had abnormal surface tension 
at the air-liquid interface. It is now known that the source of
pulmonary surfactant is the mature type II epithelial cell. When
the type II epithelial cell first appears within the lung during the
saccular stage, however, it is immature and contains much intra-
cellular glycogen. Many drugs and hormones, including steroids
and thyroid and peptide hormones, can influence surfactant
biosynthesis and accelerate lung maturation. The surfactant 
system is discussed in detail in Chapter 2.

The control of lung development is complex and is now
known to be strongly influenced by interactions between the
pulmonary epithelium and mesenchyme. A family of about 
28 fibroblast growth factors are important in regulating cell 
proliferation, migration, and differentiation during lung 
development. Epithelium isolated in vitro does not undergo
morphogenesis; when it is recombined with pulmonary mes-
enchyme, development resumes. In a similar manner, it has been
demonstrated that the mesenchymal signals can be organ specific.

For example, submandibular mesenchyme can induce mam-
mary gland epithelium to express submandibular epithelium
gene products. Thus, defects in lung epithelial development
could conceivably result from abnormalities within the mes-
enchymal rather than the epithelial structures.

The mesenchyme’s influence on lung development can be
classified as instructive (directive) or permissive. The former
influence instructs the epithelium to take a specific developmen-
tal pathway (e.g., to differentiate into a type II versus a ciliated
epithelial cell). In contrast, permissive inductions allow an
already committed cell to express its capabilities (e.g., a type II
cell to start secreting surfactant).

■ FETAL LUNG LIQUID SECRETION

Fetal lung liquid secretion is essential for normal lung develop-
ment. Exactly when the lung begins to secrete fluid is unknown,
but the secretion is well established by the second half of ges-
tation and is produced at a rate of 4 to 5 mL/kg/hr. Analysis of
fetal lung liquid has demonstrated that it is neither a mere 
ultrafiltrate of plasma nor aspirated amniotic fluid. The lung
fluid relative to plasma has higher concentrations of chloride
(155 mM) and potassium (6 mM), similar sodium concentra-
tion, and markedly lower bicarbonate (3 mM) concentration.
The lung liquid protein concentration is so low that it is com-
parable with cerebrospinal fluid (0.03 g/dL). Fetal lung liquid
secretion is dependent on the active transport of electrolytes into
the airspace.

There are two requirements for the active secretion of fluid
into the developing airspaces (Fig. 4-7). First, there must be an
electrochemical gradient for ion movement that will carry water
with it. The source of energy for the active transport is the
sodium-potassium adenosine triphosphatase (ATPase) located
on the basolateral epithelial cell membrane. As the pump
extrudes sodium out of the cell, there is a linked reentry of this
sodium along with chloride (and perhaps potassium) back into
the cell down sodium’s electrochemical gradient. The intracellu-
lar chloride concentration rises, and it exits out into the airspace
through chloride channels in the apical membrane, driven out
by the electrical gradient (the inside of the cell membrane is neg-
ative relative to the lumen). The second requirement for ion
transport is a very tight epithelial membrane, which is necessary
to establish these gradients and to prevent rapid backward flow
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FETAL AND POSTNATAL LUNG DEVELOPMENT

WEEKS MONTHS AGE
10 20 30 3 6 9 12 15

Birth
Fertilization

ALVEOLAR
STAGE

POSTNATAL
PERIOD

SACCULAR
STAGE

CANALICULAR
STAGE

PSEUDOGLANDULAR
STAGE

EMBRYONIC
PERIOD

FETAL PERIOD
PROPER

■ FIGURE 4-6. Various stages of lung development. The
actual separation of individual stages is not discrete, and it
overlaps. Note that the alveolar stage commences before
birth. (From Burri PH: Fetal and postnatal development of
the lung. Annu Rev Physiol 1984;46:617–628. © 1984 by
Annual Reviews, Inc.)



of ions and water between the cells. This requirement is met by
the extremely tight interepithelial junctions that restrict the
movement of these small ions. Data from fetal sheep suggest
that the airspace’s epithelium is tight and remarkably constant
between 50% of gestation and term. Interference with fetal lung
liquid secretion or fetal lung distention by liquid results in a
maldeveloped lung with a reduced number of terminal airspaces.

■ THE LUNG AT BIRTH

Many dramatic changes must occur in the lungs during the tran-
sition from intrauterine to extrauterine life. The lung’s epithe-
lium must change from fluid secretion to fluid absorption, the
distal lung units must fill with and retain the inhaled air, and
blood flow must increase approximately 20-fold.

Just before birth the lungs contain approximately 30 mL/kg
of fetal lung liquid. At the time of birth it is essential that fetal
lung liquid secretion decrease so that the lung liquid can be
cleared to allow for normal gas exchange. The control mecha-
nisms for this decrease in secretion are incompletely understood,
but evidence suggests that catecholamines released before or
during the birth process will decrease secretion, possibly by
inhibiting chloride ion transport, opening sodium channels in
the apex of the epithelial cell, thereby converting it into a sodium
reabsorbing membrane, or both. It has also been demonstrated
that this effect of catecholamines is dependent on gestational age.
In the more immature fetus, β agonists have little effect on lung
liquid secretion, and thus the immature fetus may have greater
difficulty clearing the airspace fluid when making the transition
to breathing air. The process of labor itself will increase the
amount of sodium-potassium ATPase activity in the type II
epithelial cells; which aspect of labor is important is unknown.
Fetal lung liquid is cleared at birth by several mechanisms;
approximately one third is squeezed out during the birth process,
and the remainder is absorbed by the epithelium; the fluid is
then taken up by pulmonary vessels or cleared by the lymphat-
ics. Failure of normal lung water clearance at birth is simply one
type of pulmonary edema, and it results in respiratory distress
(wet lung syndrome or transient tachypnea of the newborn).

The assessment of lung function in early stages of develop-
ment is based chiefly on measurement in lambs, which provides

insight into the direction of changes that occur with time,
although exact analogies to the human subject are speculative.
The distensibility of the lung early in gestation is much less than
at term. When peak volumes are expressed as milliliters per gram
of lung tissue, it is evident that the potential airspace is small
with respect to lung mass. The ability to retain air at end-
expiration, which depends on the presence of the pulmonary
surfactant, does not appear until later in the canalicular stage 
of development. In the lamb it appears between days 120 and
130 of a 147-day gestation. In the human it appears probably
between the 20th and the 24th weeks of gestation, with a wide
distribution over this period.

In utero, little blood flows through the lung despite a rela-
tively high perfusion pressure, because of the abundance of 
pulmonary vascular smooth muscle and the vasoconstrictor effect
of the low fetal partial pressure of oxygen (PO2) (<30 mm Hg).
Although during the last trimester, concomitant with surfactant
production, blood flow increases to 7% of the cardiac output, it
is only at birth that marked increases in the capacity and disten-
sibility of the pulmonary vasculature occur. Several mechanisms
are responsible for the changes in circulation. Inflation of the
lung with air results in mechanical distention of the vessels, and
improvement in oxygenation removes hypoxic vasoconstriction.
In addition, the rise in partial pressure of oxygen in arterial
blood (PaO2) induces granulocytes in the lung to release massive
quantities of kinin. This kinin alters the tissue concentrations 
of prostaglandins and helps to mediate the vasoconstriction of
the ductus arteriosus and umbilical vessels and to dilate the 
pulmonary vascular bed. Both prostacyclin and nitric oxide have
a significant regulatory role on pulmonary vascular tone in 
the perinatal period. The concentration of both prostaglandin 
1-synthase and nitric oxide synthase (NOS) increase with devel-
opment, especially near term. Neonatal lung NOS expression is
decreased in persistent pulmonary hypertension of the newborn.
With increasing postnatal age, vascular muscle regresses so that
the wall/lumen ratio decreases. After about 10 days of extrauter-
ine life, the lumina are wider, regardless of the gestational age of
the baby. The events of birth have little effect on other aspects
of lung development, including histochemical maturation.

■ POSTNATAL LUNG GROWTH

The postnatal growth of the lung continues into the adolescent
years and perhaps beyond. It is important to remember that the
lung of the newborn is not a miniature of the lung of the adult;
during growth, tracheal diameter approximately triples, alveolar
dimensions increase about fourfold, and alveolar numbers
increase about 10-fold while body mass increases about 20-fold.
Other anatomic relationships of the infant’s and child’s lungs are
similar to those in the adult’s lung (see Figs. 4-1 and 4-2). The
internal surface area of the lung maintains a close relationship to
body mass (approximately 1 m2/kg of body weight), and the
proportion of total lung weight represented by each lobe is
remarkably constant from infancy to adulthood. Average values
of lung lobe weight expressed as a percentage of total lung
weight are as follows: right upper lobe 19.5%, right middle lobe
8.3%, right lower lobe 25.3%, left upper lobe 22.5%, and left
lower lobe 24.6%.

The preacinar blood vessels and airways have developed by
16 weeks’ gestation, and although they do increase in size after
birth, the majority of postnatal lung growth involves the termi-
nal respiratory unit.
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■ FIGURE 4-7. A model of pathways for active transport of electrolytes 
by a pulmonary epithelial cell. In fetal life, chloride (Cl) secretion predominates
and presumably occurs via the apical Cl channel. After birth, sodium (Na)
absorption is dominant. Ouabain inhibits the Na-K ATPase pump, whereas loop
diuretics can inhibit the Na:K:2Cl cotransporter, thus impeding Cl secretion.
See text for details. (From Welsh M: Electrolyte transport by airway epithelia.
Physiol Rev 1987;67:1143–1184.)



New secondary septa continue to appear on the walls of the
saccules and grow into the airspace, thus creating more true 
alveoli. Alveoli continue to increase in number through seg-
mentation of these primitive alveoli and through transformation
of terminal bronchioles into respiratory bronchioles, a process
known as alveolarization. The number of alveoli rapidly
increases from 20 million to 200 million by the third year of life,
but then alveolar multiplication slows.

There is no agreement about when alveolar multiplication
ceases (2 vs. 8 years), but few if any new alveoli develop after 
8 years of age. Further growth of the airspace then occurs through
increases in alveolar dimensions. In the mature adult lung, the
number of alveoli varies from 200 million to 600 million, and
an individual alveolus is 250 to 350 μm in diameter. The reason
for the variable number of alveoli in the adult lung is unknown
but seems to be related to total lung volume. Indeed, in the
adult there are about 170 alveoli per mm3 of lung parenchyma.

As alveolar multiplication occurs, new blood vessels appear
within the acinus, so the ratio between the numbers of alveoli
and arteries remains relatively constant throughout childhood.
Branching of conventional arteries continues until 18 months 
of age, whereas supernumerary arteries continue to appear until
8 years of age.

Throughout childhood there is an increase in the concentra-
tion of arteries to alveoli. The alveolar/arterial ratio is 20:1 in the
newborn, 12:1 in a 2-year-old child, and 8 to 10:1 in the older
child. The muscularization of the arteries lags behind during
childhood, with a return to muscularization of more peripheral
arteries by adult life (see Fig. 4-7).

■ VENTILATION AND MECHANICS 
OF BREATHING

The principal function of the lung is to perform gas exchange,
that is, to enrich the blood with oxygen and cleanse it of carbon
dioxide. An essential feature of normal gas exchange is that the
volume and distribution of ventilation are appropriate.
Ventilation of the lung depends on the adequacy of the respira-
tory pump (muscles and chest wall) and the mechanical proper-
ties of the airways and gas-exchanging units.

It is traditional and useful to consider mechanical events as
belonging to two main categories: the static-elastic properties 
of the lungs and chest wall and the flow-resistive or dynamic
aspects of moving air. Changes in one category may be associ-
ated with compensatory changes in the other. Thus, many 
diseases affect both static and dynamic behavior of the lungs.
Often the principal derangement is in the elastic properties of
the tissues or in the dimensions of the airways, and the treat-
ment or alleviation of symptoms depends on distinguishing
between them.

Before we discuss the mechanical aspects of lung function
and gas exchange, it is important to review several basic physical
laws concerning the behavior of gases and also the related 
abbreviations and symbols that will be used.

■ DEFINITIONS AND SYMBOLS

The principal variables for gases are as follows:

V = gas volume
V̇ = volume of gas per unit time
P = pressure

F = fractional concentration in dry gas
R = respiratory exchange ratio, carbon dioxide/oxygen
f = frequency
DL = diffusing capacity of lung

The designation of which volume or pressure is cited 
requires a small capital letter after the principal variable. Thus,
VO2 = volume of oxygen; PB = barometric pressure.

I = inspired gas
E = expired gas
A = alveolar gas
T = tidal gas
D = dead space gas
B = barometric pressure

When both location of the gas and its species are to be indi-
cated, the order is VIO2, which means the volume of inspired
oxygen.

STPD = standard temperature, pressure, dry (0°C, 
760 mm Hg)

BTPS = body temperature, pressure, saturated with 
water vapor

ATPS = ambient temperature, pressure, saturated 
with water vapor

The principal designations for blood are as follows:

S = percentage saturation of gas in blood
C = concentration of gas per 100 mL of blood
Q = volume of blood
Q̇ = blood flow per minute
a = arterial
v– = mixed venous
c = capillary

All sites of blood determinations are indicated by lowercase
initials. Thus, PaCO2 = partial pressure of carbon dioxide in 
arterial blood; PO2 = partial pressure of oxygen in mixed venous
blood; and PaO2 = partial pressure of oxygen in a capillary.

Properties of Gases

Gases behave as an enormous number of tiny particles in con-
stant motion. Their behavior is governed by the gas laws, which
are essential to the understanding of pulmonary physiology.

Dalton’s law states that the total pressure exerted by a gas
mixture is equal to the sum of the pressures of the individual
gases. The pressure exerted by each component is independent
of the other gases in the mixture. For instance, at sea level, air
saturated with water vapor at a temperature of 37°C has a total
pressure equal to the atmospheric or barometric pressure (PB =
101.3 kilopascals or 30 inches of mercury or 760 mm Hg), with
the partial pressures of the components as shown in:

PB = 760 mm Hg = PH2O (47 mm Hg)
+ PO2 (149.2 mm Hg) + PN2 (563.5 mm Hg)
+ PCO2 (0.3 mm Hg)

The gas in alveoli contains 5.6% carbon dioxide, BTPS. 
If PB = 760 mm Hg, then,

PACO2 = 0.056(760 − 47) = 40 mm Hg

Boyle’s law states that at a constant temperature, the volume
of any gas varies inversely as the pressure to which the gas is 
subjected: PV = k. Because respiratory volume measurements

■
■

■
C

H
A

P
TE

R
 4

THE FUNCTIONAL BASIS OF RESPIRATORY DISEASE

37



may be made at different barometric pressures, it is important to
know the barometric pressure and to convert to standard pres-
sure, which is considered to be 760 mm Hg.

Charles’ law states that if the pressure is constant, the volume
of a gas increases in direct proportion to the absolute tempera-
ture. At absolute zero (−273°C), molecular motion ceases. 
With increasing temperature, molecular collisions increase, so
that at constant pressure, volume must increase.

In all respiratory calculations, water vapor pressure must be
taken into account. The partial pressure of water vapor increases
with temperature but is independent of atmospheric pressure.
At body temperature (37°C), fully saturated gas has a PH2O of
47 mm Hg.

Gases may exist in physical solution in a liquid, escape from
the liquid, or return to it. At equilibrium, the partial pressure of
a gas in a liquid medium exposed to a gas phase is equal in the
two phases. Note that in blood the sum of the partial pressures
of all the gases does not necessarily equal atmospheric pressure.
For example, in venous blood, PO2 has fallen from the 100 mm Hg
of the arterial blood to 40 mm Hg, while PCO2 has changed
from 40 to 46 mm Hg. Thus, the sum of the partial pressures of
O2, CO2, and N2 in venous blood equals 655 mm Hg.

■ ELASTIC RECOIL OF THE LUNG

The lung is an elastic structure that tends to decrease its size at
all volumes. The elasticity of the lung depends on the structural
components (although elastic fibers are not essential for normal
performance), the geometry of the terminal airspaces, and the
presence of an air-liquid interface. When a lung is made airless
and is then inflated with liquid, the elastic recoil pressure at large
volumes is less than half that of a lung inflated to the same 
volume with air. Thus, the most significant determinant of the
elastic properties of the lung is the presence of an air-liquid
interface.

The increase of elastic recoil in the presence of an air-liquid
interface results from the forces of surface tension. What is 
surface tension? When molecules are aligned at an air-liquid
interface, they lack opposing molecules on one side. The inter-
molecular attractive forces are then unbalanced, and the resultant
force tends to move molecules away from the interface. The effect
is to reduce the area of the surface to a minimum. In the lungs
the forces at the air-liquid interface operate to reduce the inter-
nal surface area of the lung, and thus they augment elastic recoil.
A remarkable property of the material at the alveolar interface,
the alveolar lining layer or pulmonary surfactant, is its ability 
to achieve a high surface tension at large lung volumes and a 
low surface tension at low volumes. Surfactant is a phospho-
lipid-protein complex that when compressed forms insoluble,
folded-surface films of low surface tension. The ability to achieve
a low surface tension at low lung volumes tends to stabilize the
airspaces and prevent their closure.

The exact method of lung stabilization and the concomitant
role of surfactant in this stabilization can be debated. The classic
interpretation is that without surfactant the smaller alveoli
would tend to empty into the larger alveoli in accordance with
the Laplace relationship, which relates the pressure across a 
surface (P) to surface tension (T) and radius (r) of curvature. 
For a spherical surface, P = 2T/r. The smaller the radius, the
greater is the tendency to collapse.

The difficulty with this hypothesis is that the individual lung
units are drawn as independent but communicating bubbles or

spheres (Fig. 4-8). This is not representative of structure of 
the lung because the alveolar walls are planar, not spherical. 
In addition, the inside wall of one alveolus is the outside wall of
the adjacent alveolus. This last explanation has been utilized to
develop the interdependence model of lung stability, which 
indicates that surface and tissue forces interact to maintain the
lungs’ inherent structure, with the fibrous components playing
an important role (see Fig. 4-8).

The elastic recoil of the lung is responsible for the lung’s 
tendency to pull away from the chest wall with the resultant
subatmospheric pressure in the pleural space. Lung recoil can
therefore be derived from measurement of the pleural pressure
when no airflow is occurring and alveolar pressure is zero. 
(The pressure measurement is taken with the patient holding his
breath for a brief period with the glottis open.)

The pressure within the esophagus can be used as an index
for mean pleural pressure. This is a reasonable assumption as
long as there is no paradoxical rib cage movement. However, it
is not a reasonable assumption for premature infants, term
infants in rapid eye movement (REM) sleep, and older infants
with severe lung disease. For these infants, no average pleural
pressure exists, and calculations of resistance and compliance
will not be accurate using this method. When pleural pressure is
estimated with an esophageal balloon, one must be careful to
avoid artifacts resulting from the gravitational pressure of the
mediastinum. For this reason, these measurements are best 
performed with the patient in the upright or lateral rather than
the supine position. Once a series of pressure measurements 
has been made during brief breath-holds at different lung 
volumes, a pressure-volume curve of the lung can be constructed
(Fig. 4-9).

■ COMPLIANCE OF THE LUNG

The pressure-volume curve of the lung describes two measure-
ments of the elastic properties of the lung: elastic recoil pressure
and lung compliance. Elastic recoil pressure is the pressure gen-
erated at a given lung volume, whereas compliance is the slope
of the pressure-volume curve, or the volume change per unit of
pressure:

Compliance
volume
pressure

L
cm H O

= =Δ
Δ 2
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■ FIGURE 4-8. A, Classic model of the distal lung, in which individual 
alveoli would be controlled by Laplace’s law: P = 2γ/r. Small alveoli would 
empty into large alveoli. B, Interdependence model of the lung, in which alve-
oli share common planar and not spherical walls. Any decrease in the size of 
one alveolus would be stabilized by the adjacent alveoli. (From Weibel ER,
Bachofen H: How to stabilize the alveoli. Surfactant or fibers. News Physiol Sci
1987;2:72–75.)



Compliance depends on the initial lung volume from which
the change in volume is measured and the ventilatory events
immediately preceding the measurement as well as the proper-
ties of the lung itself. At large lung volumes, compliance is lower,
because the lung is nearer its elastic limit. If the subject has
breathed with a fixed tidal volume for some minutes, portions
of the lung are not participating in ventilation, and compliance
may be reduced. A few deep breaths, with return to the initial
volume, will increase compliance. Thus, a careful description of
associated events is required for correct interpretation of the
measurement.

Changes in lung compliance occur with age (Table 4-2).
Of course, the smaller the subject, the smaller is the change in

volume, so that ΔV/ΔP is close to 6 mL/cm H2O in infants, and
is 125 to 190 mL/cm H2O in adults. It is more relevant to a
description of the elastic properties of the lung to express the
compliance in relation to a unit of lung volume such as the func-
tional residual capacity (FRC). Note that with age, as shown 
in Table 4-2, the compliance of the lung/FRC, or the specific
compliance, changes much less.

It is worth reemphasizing that total lung compliance is a
function not only of the lung’s tissue and surface tension char-
acteristics but also of its volume. This is especially important to
remember when compliance has been measured in newborn
infants with respiratory distress syndrome (RDS). The total
compliance is a composite of the lung’s elastic properties and 
the number of open lung units. In RDS, sudden changes in 
total measured compliance (if uncorrected for simultaneously

measured lung gas volume) will predominantly, if not exclusively,
reflect the opening and closing of individual lung units.

Lung compliance may also be measured during quiet breath-
ing with pressure and volume being recorded at end-inspiration
and end-expiration. The resultant value is the dynamic lung
compliance. Although dynamic lung compliance does reflect the
elastic properties of the normal lung, it is also influenced by the
pressure required to move air within the airways. Therefore,
dynamic lung compliance increases with increased respiratory
rate and with increased airway resistance. Airflow is still occur-
ring within the lung after it has ceased at the mouth, and 
pleural pressure reflects both the elastic recoil of the lung and the
pressure required to overcome the increased airway resistance.
Indeed, dynamic lung compliance can be used as a sensitive test
of obstructive airway disease.

■ ELASTIC PROPERTIES OF THE 
CHEST WALL

The chest wall is also an elastic structure, but in contrast to the
lung, it tends to push outward at low volumes and inward at
high volumes. These phenomena are illustrated when air is
introduced into the pleural space: the lung collapses and the
chest wall springs outward.

Compliance of the chest wall can be measured by considering
the pressure difference between the pleural space or esophagus
and the atmosphere, per change in volume. Significant changes
in thoracic compliance occur with age (Fig. 4-10). In the range
of normal breathing, the thorax of the infant is nearly infinitely
compliant. The pressures measured at different lung volumes are
about the same across the lung as those measured across lung and
thorax together. The functional significance of the high compli-
ance of the neonatal thorax is observed when there is lung dis-
ease. The necessarily greater inspiratory effort and more negative
pleural pressure can “suck” in the chest wall, resulting in less
effective gas exchange and a higher work of breathing.

With advancing age the thorax becomes relatively stiffer.
Changes in volume-pressure relations are profitably considered
only if referred to a reliable unit, such as a unit of lung volume
or a percentage of total lung capacity. Considered on a percentage
basis, compliance of the thorax decreases with age. How much
of this change is contributed by changes in tissue properties,
such as increasing calcification of ribs and connective tissue
changes, and how much is a disproportionate growth of the
chest wall relative to the lung remains unclear.

■ LUNG VOLUMES

Definition

The partition of commonly used lung volumes can be under-
stood by studying Figure 4-11. The spirogram on the left repre-
sents the volume of air breathed in and out by a normal subject.
The first portion of the tracing illustrates normal breathing and
is called the tidal volume (VT). The subject then makes a maxi-
mal inspiration followed by a maximum expiration: the volume
of expired air is the vital capacity (VC). The volume of air that
still remains in the lung after a maximal expiration is the residual
volume (RV), whereas the volume of air remaining in the lung
after a normal passive expiration is the FRC. The maximum
amount of air that a subject can have in the lungs is called 
the total lung capacity (TLC). In healthy young subjects, TLC
correlates best with the subject’s sitting height.
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■ FIGURE 4-9. Pressure-volume curve of a normal lung. Pleural pressure and
lung volume are simultaneously determined during brief breath-holds. Lung
compliance is calculated from data obtained on the expiratory portion of the
pressure-volume curve.

■ TABLE 4-2. Lung compliance (CL) with age

mL/cm H2O CL/FRC

Newborns
3 hr 4.75 ± 1.67 0.041 ± 0.01
24 hr 6.24 ± 1.45 0.055 ± 0.01

Infants
1 mo–2 yr 7.9 0.038

Children
Average age 9 yr 77 0.063

Young adult males 184 0.050
Young adult females 125 0.053
Adults over 60 yr 191 0.041

FRC, functional residual capacity.



The volumes and capacities of the lungs are determined by
many factors, including muscle strength, static-elastic character-
istics of the chest wall and lungs, airway status, and patient age
and cooperation. TLC is reached when the force generated by
maximal voluntary contraction of the inspiratory muscles equals
the inward recoil of the lung and chest wall. FRC occurs when
the respiratory muscles are relaxed and no external forces are
applied; it is therefore the volume at which the inward recoil of
the lung is exactly balanced by the outward recoil of the chest
wall (see Fig. 4-9).

In healthy children and young adults, end-expiratory lung
volume is equivalent to FRC. This is not the case in infants, who
breathe at a lung volume higher than FRC. This higher volume
seems to be a sensible solution to the infants’ problem of having
an airway closing volume that exceeds FRC. An infant maintains
the expiratory lung volume higher than FRC by a combination
of postinspiratory diaphragmatic activity and laryngeal adduction.

The factors determining RV vary with age. In adolescents
and young adults, RV occurs when the expiratory muscles can-
not compress the chest wall further. In young children and older
adults, RV is a function of the patency of small airways and the
duration of expiratory effort.

Measurement

Tidal volume and VC can be determined by measuring the
expired volume. The measurement of FRC and RV requires
another approach. Because both volumes include the air in the
lungs that the patient does not normally exhale, they must be
measured indirectly. One method uses the principle of dilution

of the unknown volume with a known concentration of a gas
that is foreign to the lung and only sparingly absorbed, such as
helium. The patient breathes from a container with a known
volume and concentration of helium in oxygen-enriched air.
After sufficient time has elapsed for the gas in the lung to mix
and equilibrate with the gas in the container, the concentration
of helium in the container is remeasured. Because initial volume ×
initial concentration of helium = final volume × final concen-
tration of helium, the final volume, which includes gas in the
lungs, can be calculated.
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■ FIGURE 4-10. Pressure-volume relations of lungs and thorax in an adult and an infant. The dashed line represents the characteristic of lungs and thorax together.
Transpulmonary pressure at the resting portion (functional residual capacity) is less in the infant, and thoracic compliance is greater in the infant.

■ FIGURE 4-11. The lung volumes. The spirogram (left) demonstrates 
normal breathing followed by a maximal inspiratory effort and a maximal 
expiratory effort. FRC, functional residual capacity; RV, residual volume; TLC,
total lung capacity (6.0 L in an average male, 4.2 L in an average female, and
160 mL in an average 3-kg infant; see histograms on right); VC, vital capacity;
VT, tidal volume.



The helium dilution method will not measure gas behind
closed airways (“trapped gas”) or in regions of the lung that are
poorly ventilated. There is, however, a method of measuring
total gas volume within the thorax that depends on the change
in volume that occurs with compression of the gas when 
breathing against an obstruction. Practically, this measurement
requires the patient to be in a body plethysmograph and to pant
against a closed shutter. The change in pressure can be measured
in the mouthpiece; the change in volume can be recorded with
a spirometer attached to the body plethysmograph: V = PΔV/ΔP.
This method has the advantage of being able to be repeated 
several times a minute. It has the disadvantage of including 
some abdominal gas in the measurement.

There have also been concerns about the validity of the plethys-
mographic technique in patients with obstructive lung disease.
This issue has not yet been resolved because the technique has been
reported to overestimate the lung volume in adults but underesti-
mate the lung volume in infants with obstructive lung disease.

Interpretation

The major difficulty in detecting abnormalities in lung volumes
is that the range of normal values is so large. For example, the
mean TLC for a child 140 cm tall is 3.2 L; however, the statis-
tical range of normal (mean ± 2 SD) is 1.9 to 4.3 L. This range
of normal values, when expressed as percentage predicted, is
even greater for younger children or smaller lung volumes (such
as RV). Owing to this wide range of normality, care must be
exercised in the interpretation of lung volumes. Measurement of
lung volumes is of greatest benefit when repeated over several
months to assess the progress of a chronic respiratory illness and
the efficacy of treatment.

The VC is one of the most valuable measurements that can
be made in a functional assessment, because it is highly repro-
ducible and has a relatively narrow range of normal values. It can
be decreased by a wide variety of disease processes, including
muscle weakness, loss of lung tissue, obstruction of the airway,
and decreased compliance of the chest wall. VC is therefore not
a useful tool to discriminate between types of lesions. Its chief
role is to assign a value to the degree of impairment and to 
document changes that occur with therapy or time. In order to
decide whether obstructive or restrictive lung disease is present,
it is useful to measure expiratory flow rates (see Chapters 9 
and 10) and to observe the pattern of abnormalities in the other
lung volumes. In obstructive lung disease (e.g., asthma), the
smallest lung volumes are affected first: RV increases owing to
abnormally high airway resistance at low lung volumes, and as
the disease progresses, the FRC increases. Although the increase
in FRC (hyperinflation) may rarely be due to loss of lung recoil,
the overdistention is usually compensating for partial lower air-
way obstruction. When the lung volume is increased, intratho-
racic airways enlarge, and widespread partial obstruction may 
be partially relieved by the assumption of a larger resting lung
volume. Whereas the total lung capacity is only rarely affected in
obstructive disease (such as asthma) in children (in contrast to
emphysema in adults), TLC and VC are the first lung volumes
to be affected in restrictive diseases of the chest wall (e.g.,
kyphoscoliosis) or lung (e.g., pulmonary fibrosis).

■ REGIONAL LUNG VOLUMES

During normal breathing, different areas of the lung have differ-
ent regional lung volumes; the upper airspaces are inflated more

than the lower airspaces. Because static-elastic properties are
fairly constant throughout the lung, these different regional 
lung volumes result from the gradient of pleural pressure 
that exists from the top to the bottom of the lung. Although
gravitational forces are thought to be largely responsible, the
mechanisms responsible for this pleural pressure gradient are
incompletely understood. In the erect adult lung, the pleural
pressure is −8 cm H2O at the apex and only −2 cm H2O at 
the base. The significance of this phenomenon is that when a
subject breathes in, the lowermost lung units will receive the
majority of the inspired air (Fig. 4-12). This is advantageous
because the majority of pulmonary blood flow also goes to the
base of the lung, and thus blood flow and ventilation patterns
are more closely matched.

■ DYNAMIC (FLOW-RESISTIVE) PROPERTIES 
OF THE LUNG

Gas Flow within Airways

The respiratory system must perform work to move gas into 
and out of the lungs. Because air moves into the lungs during
inspiration and out of the lungs during expiration, and because
the velocity of airflow increases from small airways to large air-
ways, energy must be expended to accelerate the gas molecules.
The respiratory system’s resistance to acceleration (inertance) is
minimal during quiet breathing and will not be considered 
further. In contrast, frictional resistance to airflow accounts for
one third of the work performed during quiet breathing. The
magnitude of pressure loss due to friction is determined by the
pattern of flow. Flow may be laminar (streamlined) or turbulent,
and which pattern exists depends on the properties of the gas
(viscosity, density), the velocity of airflow, and the radius of the
airway. In general, there is laminar flow in the small peripheral
airways and turbulent flow in the large central airways.

The laws governing the frictional resistance to flow of 
gases in tubes apply to pulmonary resistance. The equation for
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■ FIGURE 4-12. Pressure-volume curve of a normal lung (heavy solid line). 
At functional residual capacity, distending pressure is less at the bottom than at
the top; accordingly, alveoli at the bottom (A) are smaller (i.e., lower percentage
regional vital capacity) than those at the top (B). When a given amount of dis-
tending pressure (ΔP) is applied to the lung, alveoli at the bottom increase their
volume (ΔV) more than alveoli at the top, owing to the varying steepness of the
pressure-volume curve. When fully expanded to total lung capacity (100% VC),
alveoli at the bottom (A′) are nearly the same size as alveoli at the top (B′),
because both points lie on the flat portion of the curve. (From Murray JF: 
The Normal Lung. Philadelphia: WB Saunders, 1976.)



calculating the pressure gradient required to maintain a laminar
flow of air through a tube is given by Poiseuille’s law:

where P is pressure, V̇ is flow, l is length, r is radius of the 
tube, and η is the viscosity of the gas. The viscosity of air is
0.000181 poise at 20°C, or only 1% that of water. Because
resistance = pressure/flow, it is clear that the most important
determinant of resistance in small airways will be the radius of
the tube, which is raised to the fourth power in the denomina-
tor of the equation.

The pressure required to maintain turbulent flow is influ-
enced by airway diameter and gas density and is proportional 
to the square of the gas velocity. The effect of gas density on 
turbulent flow has both therapeutic implications. Children with
viral laryngotracheobronchitis have marked narrowing of the
subglottic area, which greatly increases the resistance to airflow.
The pressure required to overcome this increased resistance 
in the large airways, and hence the work of breathing, can be
decreased by administering a low-density gas mixture (70%
helium, 30% oxygen).

Measurement of Resistance

Resistance (R) is calculated from the equation

The pressure is measured at the two ends of the system—in the
case of the lung, at the mouth and at the alveoli—and the cor-
responding flow is recorded. Measurement of alveolar pressure
presents the greatest problem. Several methods have been used
to measure alveolar pressure. The most common method
employs a body plethysmograph. The subject sits in the airtight
box and breathes through a tube connected to a pneumota-
chometer, an apparatus that measures airflow. When a shutter
occludes the tube and airflow ceases, the mouth pressure is
assumed to be equal to the alveolar pressure. Airway resistance
can then be calculated because airflow, alveolar pressure, and
ambient pressure are known.

Total pulmonary resistance can be measured in infants and
children by the forced oscillation technique. This measurement
includes airway resistance plus the tissue viscous resistance of the
lung and chest wall. Nasal resistance is also included in the mea-
surement if the infant is breathing through the nose. Although
there are theoretical objections to this technique, it has several
advantages. It does not require a body plethysmograph, estimates
of pleural pressure, or patient cooperation, and it can be done
quickly enough to be used on ill patients. A sinusoidal pressure
applied at the upper airway changes the airflow, and the ratio of
pressure change to flow change is used to calculate resistance.
When the forced oscillations are applied at the so-called resonant
frequency of the lung (believed to be 3 to 5 Hz), it is assumed
that the force required to overcome elastic resistance of the lung
and the force required to overcome inertance are equal and
opposite, so that all of the force is dissipated in overcoming flow
resistance. This technique has demonstrated that infants with
bronchiolitis have about a twofold increase in inspiratory pul-
monary resistance and a threefold increase in expiratory resistance.

Several new techniques have been developed that are capable
of measuring lung function in infants and young children. Each
has its advantages, underlying assumptions, and limitations, and
these techniques are discussed in detail in Chapter 9.

Sites of Airway Resistance

The contribution of the upper airway to total airway resistance
is substantial. The average nasal resistance of infants by indirect
measurements is 13 cm H2O/L/sec, or nearly half of the total 
respiratory resistance, as is the case in adults. It is hardly surpris-
ing that any compromise of the dimensions of the nasal airways
in an infant who is a preferential nose breather will result in
retractions and labored breathing. Likewise, even mild edema of
the trachea or larynx will impose a significant increase in airway
resistance.

In the adult lung, about 80% of the resistance to airflow
resides in airways greater than 2 mm in diameter. The vast number
of small peripheral airways provides a large cross-sectional area
for flow and therefore contributes less than 20% to the airway
resistance. Thus, these airways may be the sites of disease that
may severely impair ventilation of distal airspaces without
appreciably altering the total airway resistance. In the infant
lung, however, small peripheral airways may contribute as much
as 50% of the total airway resistance, and this proportion does
not decrease until about 5 years of age. Thus, the infant and
young child are particularly severely affected by diseases that
affect the small airways (e.g., bronchiolitis).

Factors Affecting Airway Resistance

Airway resistance is determined by the diameter of the airways,
the velocity of airflow, and the physical properties of the gas
breathed. The diameter is determined by the balance between
the forces tending to narrow the airways and the forces tending
to widen them. One of the forces tending to narrow the airways
is exerted by the contraction of bronchial smooth muscle. The
neural regulation of bronchial smooth muscle tone is mediated
by efferent impulses through autonomic nerves. Sympathetic
impulses relax the airways, and the parasympathetic impulses
constrict them. Bronchi constrict reflexly from irritating inhalants
such as sulfur dioxide and some dusts; by arterial hypoxemia and
hypercapnia; by embolization of the vessels; by cold; and by
some vasoactive mediators, such as acetylcholine, histamine, and
bradykinin. They dilate in response to an increase in systemic
blood pressure through baroreceptors in the carotid sinus and to
sympathomimetic agents such as isoproterenol and epinephrine.
The large airways are probably in tonic contraction in health,
because in unanesthetized adults, atropine or isoproterenol will
decrease airway resistance.

Airway resistance changes with lung volume, but not in a lin-
ear manner. Increasing the lung volume to above FRC only 
minimally decreases airway resistance. In contrast, as lung vol-
ume decreases from FRC, resistance rises dramatically and
approaches infinity at RV. Although alterations in bronchomo-
tor tone play a role, it is the decrease in lung elastic recoil as 
lung volume declines that is the predominant mechanism for
the change in airway resistance. The recoil of the lung provides
a tethering or “guy wire” effect on the airways that tends to
increase their diameter. Children of different ages will have dif-
ferent airway resistances owing to the different sizes of their lungs.
Therefore, the measurement of airway resistance or its recipro-
cal, airway conductance, is usually corrected by dividing the air-
way conductance by the simultaneously measured lung volume. 
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The resultant specific airway conductance is remarkably constant
regardless of the subject’s age or height.

Dynamic Airway Compression

During a forced expiration, both the pleural and the peri-
bronchial pressures become positive and tend to narrow the 
airways; forces tending to keep airways open are the intraluminal
pressure and the tethering action of the surrounding lung.
During active expiration, however, the intraluminal pressure
must decrease along the pathway of airflow from the alveoli to
the mouth, where it becomes equal to atmospheric pressure.
Therefore, at some point in the airway, intraluminal pressure
must equal pleural pressure—the equal pressure point (EPP) (see
Chapter 10 and Fig. 10-6). Downstream from the EPP, pleural
pressure exceeds intraluminal pressure and thus is a force that
tends to narrow the airways. Indeed, during periods of 
maximum expiratory flow, pleural pressure exceeds the critical
closing pressure of the airways, which become narrowed to slits.
Despite the cartilaginous support of the larger airways, the mem-
branous portion of the wall of the trachea and large bronchi
invaginates under pressure to occlude the airways. Maximum
flow under this circumstance is therefore determined by the
resistance of the airways located upstream from the EPP, and the
driving pressure is the difference between the alveolar pressure
and the pressure at the EPP. In disease states in which there is an
increased airway resistance, the EPP moves toward the alveoli
because of the greater intraluminal pressure drop. Thus, small
airways are now compressed during forced expiration with
severe flow limitation. With the measurement of pressure-flow
and flow-volume curves during forced expiration, it is possible
to calculate resistance upstream and downstream from the point
of critical closure, or EPP. Increasing the lung volume increases
the tethering action of the surrounding lung on the airways, and
therefore close attention must be paid to the lung volume at
which resistance measurements are made during these studies.

Work of Breathing

The work performed by the respiratory pump is defined by the
volume changes of the lungs when the respiratory muscles 
generate a given pressure. The volume-pressure relationships of
the respiratory system depend on properties of the lung and
chest wall tissues or the ease with which the airways allow the
passage of air. A substantial portion of the pressure generated by
the respiratory muscles is applied to produce reversible
rearrangements of the structure of the alveolar gas-liquid inter-
face and the fibrous network of the lungs. Another large portion
of the effort of the respiratory muscles is directed at producing
rearrangements or interactions that are not reversible. The energy
spent in such an effort is directly transformed into heat, which
is then dissipated into the atmosphere or carried away by the 
circulating blood. The magnitudes of the work and the pressures
derived from these processes generally bear a relationship to 
the rate of gas flow in and out of the lungs. In this regard, the
respiratory system exhibits a resistive behavior for which the
driving pressure determines the flow of air. Both the elastic and
the resistive components of the work of breathing are usually
increased in children with respiratory disease. Establishing a
diagnosis and formulating a therapy in these patients is almost
always simplified when the clinician distinguishes between con-
ditions that affect primarily the elastic (restrictive respiratory
disease) and resistive (obstructive respiratory disease) behaviors
of the respiratory system.

■ DISTRIBUTION OF VENTILATION

The distribution of ventilation will be influenced by several 
factors of normal lungs. The pleural pressure gradient results in
a greater amount of the tidal volume going to the dependent
areas of the lung (see Fig. 4-12). In addition, the rate at which
an area of the lung fills and empties is related to both airway
resistance and compliance. A decrease in airway dimension
increases the time required for air to reach the alveoli; a region
of low compliance receives less ventilation per unit of time 
than an area with high compliance. The product of resistance ×
compliance (time constant) is approximately the same in health
for all ventilatory pathways. The unit of this product is time.
Note:

and

The product, then, is a unit of time, analogous to the time 
constant in an electrical system, that represents the time taken
to accomplish 63% of the volume change.

As mentioned previously, peripheral airways contribute little
to overall airway resistance after the age of 5 years. However, in
the presence of small airway disease, some areas of the lung have
long time constants but those of others are normal. This is par-
ticularly evident as the frequency of respiration increases. With
increasing frequency, air goes to those areas of the lung with
short time constants. These areas then become relatively over-
distended, and a greater transpulmonary pressure is required to
inspire the same volume of air because alveoli in these relatively
normal areas are reaching their elastic limit. Thus, a decreased
dynamic compliance with increasing frequency of respiration
has been used as a test of small airway disease and indeed may
be the only mechanical abnormality detectable in the early
stages of diseases such as emphysema and cystic fibrosis.

Airway closure occurs in dependent areas of the lung at low
lung volumes. The lung volume above RV at which closure
occurs is called the closing volume. In infants, very young 
children, and older adults, airway closure occurs at FRC and
therefore is present during normal tidal breathing. This results
in intermittent inadequate ventilation of the respective terminal
lung units and leads to abnormal gas exchange, notably to a lower
PaO2 seen in these age groups. It also explains why oxygenation
usually can be improved by placing the patient so that the good
lung is uppermost in the infant with unilateral lung disease 
(in young healthy adults the opposite is true).

■ PULMONARY CIRCULATION

■ PHYSIOLOGIC CLASSIFICATION OF
PULMONARY VESSELS

The pulmonary circulation is the only vascular bed to receive
the entire cardiac output. This unique characteristic enables the
pulmonary vascular bed to perform a wide variety of homeo-
static physiologic functions. It provides an enormously large 
(80 m2) yet extremely thin film of blood for gas exchange, filters
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