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In analyzing a chest radiograph, it is important to
have an understanding of some of the basic princi-
ples of respiratory physiology, and to appreciate
how certain pathophysiological processes can cause
distinct disease states, each with its own specific
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inward while the intrathoracic airways expand.
During expiration, positive pressure is generated
within the chest, propelling air outward, causing the
intrathoracic airways toward closure, and the
extrathoracic airways to expand. When intratho-
racic obstruction is significant enough to cause
inhomogeneity of emptying in some or many parts
of the lung, the chest radiograph shows hyperinfla-
tion and air trapping. Examples of common diffuse
obstructive disorders include asthma, cystic fibrosis
(CF), bronchiolitis obliterans, bronchiectasis, and
bronchopulmonary dysplasia. A bronchial foreign
body represents a localized obstructive defect.
Spirometry, which measures airflow, can quantify
the degree of obstruction and is the standard pul-
monary function test.

2.1.2 Restrictive Lung Disorders

Restrictive lung disorders occur when the lungs are
unable to inflate to normal volumes. They can occur
with parenchymal abnormalities, such as interstitial
lung disease (idiopathic or secondary to an underly-
ing disorder, such as a surfactant protein deficiency).
They can also be caused by a musculoskeletal or neu-
romuscular abnormality which prevents the chest
wall from expanding to full capacity during a maxi-
mal inspiratory effort. Examples of this type of
restrictive process include congenital myopathies
and neuromuscular disorders (such as spinal muscu-
lar atrophy). Bony chest wall abnormalities (such as
scoliosis and thoracic dysplasia) inhibit lung growth
and expansion, as do intrathoracic processes (such as
a diaphragmatic hernia, large pleural effusion, or
tumor). The chest radiograph may show reduced
lung volumes, albeit this may be difficult to pick up in
the young child with a limited inspiratory effort.
More obvious are distorted or bell-shaped chest
walls, scoliosis, or an abnormally diffuse parenchy-
mal process, depending upon the underlying disor-
der. Physiologic assessment of these disorders is
made with lung and thoracic gas volumes measure-
ment using plethysmography and helium dilution
methods to quantify the degree of restriction, and
measurement of maximal respiratory pressures to
assess muscle weakness. With a few exceptions, these
methods require patient cooperation and are there-
fore limited in the young child. While the regular
chest radiograph has limited value for quantification

of restriction, algorithms exist to assess lung volumes
using chest computed tomography (CT) scans.

2.1.3 Gas Diffusion Disorders

Gas diffusion disorders affect the absorption of oxy-
gen into the bloodstream with resulting hypoxemia.
This typically occurs due to a structural abnormality
or thickening of the alveolar wall through which the
gas exchange between the alveolus and the adjacent
capillary occurs, resulting in hampered gas exchange.
This can be seen in disease states such as interstitial
lung diseases and pulmonary edema. Gas diffusion
disorders may present symptomatically with dyspnea
upon exertion or at rest, tachypnea, and/or hypox-
emia. The chest radiograph often shows an abnor-
mally diffuse parenchymal process. Measurement of
the diffusion capacity of the lung with carbon mon-
oxide (DLCO) is diagnostic.

2.1.4 Shunt

Shunt occurs when there is perfusion of a portion of
lung without concomitant ventilation of the same
area. This results in unoxygenated blood returning to
the heart and being pumped into the arterial blood
stream, leading to hypoxemia. The hypoxemia caused
by shunts does not typically respond to the adminis-
tration of oxygen. This is because the blood that is
being shunted does not come in contact with the sup-
plemental oxygen, while the blood flowing through
the normally perfused portions of the lung is already
well saturated. Shunts can be seen with arteriovenous
malformations, pneumonias, and acute atalectasis.
The chest radiograph is frequently reflective of the
underlying pathology; however, small vascular mal-
formation in the lungs can be elusive to the standard
chest radiograph and need more advanced radiologic
methods such as chess CT or MRI imaging.

2.1.5 Ventilation-Perfusion Abnormalities

Ventilation-perfusion abnormalities (also known as
V/Q mismatch) occur when there is ventilation of a
portion of lung without its concomitant perfusion.
They can occur in congenital disorders such as absent



development of a pulmonary artery, or due to intra-
vascular processes such as pulmonary emboli. The
physiologic/clinical effect of these disorders is mild
relative to shunt, in particular with the long-standing
circumstances such as congenital vascular anomalies,
often with absence or minor hypoxic effects. The com-
mon chest radiograph often is of limited diagnostic
value. Thus, when a V/Q mismatch is suspected, a
ventilation-perfusion scan may give the clue, and, in
cases where a pulmonary embolus is suspected, a CT
with IV contrast can be diagnostic.

Lung Development and Effects
on Lung Physiology

ANDREW A. COLIN

For the pediatric radiologist, lung mechanics and in
particular those related to changes in lung volume
are of crucial significance. One has to keep in mind
that the radiograph of the noncooperative young
child is never obtained at the optimal full inflation
typical for the older person who inhales to full lung
capacity (thus, total lung capacity or TLC) and
breath-holds. The lung volumes reflected in the pedi-
atric radiograph (assuming quiet breathing) span a
volume range from functional residual capacity
(FRC) (the volume at end expiration) to peak of tidal
volume (the volume at end inspiration). Thus, by def-
inition, the volume of the normal pediatric radio-
graph is always well below the lung volume of the
cooperative patient, with all the implications that this
has on the quality of the radiograph. Obviously, the
lower the lung volume, the less reliable is the inter-
pretation of pathology.

2.2.1 Stages of Lung Development

Early growth and development of the human lung is
a continuous process that is highly variable between
individuals and has traditionally been divided into
five stages [3]. The first is the embryonic phase (26
days to 6 weeks of gestational age [wGA]), followed
by the pseudoglandular (6-16 wGA) stage. At the end
of this stage, the major elements of the bronchial tree
complete their branching. The third is the canalicular
stage (16-28 wGA). In its later phase of this stage, the

Normal Growth and Physiology

prealveolar elements may allow infant survival. The
saccular stage (28-36 wGA) is the one in which most
premature infants are born, and is followed by the
alveolar (36 wGA-term) phase, which continues into
childhood. The saccular period, 28-36 WGA, is a
transitional phase before full maturation of alveoli
occurs. The primitive alveoli that become gradually
more effective as gas exchangers have alveolar walls
that are more compact and thicker than the final thin
walls of alveoli; they also have an immature capillary
structure. However, this partially developed struc-
ture is capable of carrying out a limited function of
gas exchange that fully matures in the alveolar phase.
Mature alveoli are not uniformly present until 36
WGA at which time the epithelium and interstitium
decrease in thickness, air space walls proliferate, and
the capillary network matures to its final single capil-
lary network. Alveolar proliferation represents the
predominant element of lung growth after birth. The
alveolar proliferation rate is maximal in the first 2
years of life, and subsequently decelerates; however,
it is not well established until what age alveolar pro-
liferation is maintained.

The structural changes associated with the transi-
tion to mature alveoli through the alveolar stage, and
the following alveolar proliferation, account for the
subsequent gains in lung volume. Physiologically,
these maturational changes not only affect gas
exchange, but together with the changes in the chest
wall that will be discussed below, have profound
effects on the mechanical properties of the respira-
tory system, and as such on the radiographic charac-
teristics that are affected by these structural and
mechanical considerations.

2.2.2 Changesin Lung Volume During
the Last Trimester of Gestation

Calculations by Langston et al. [3] revealed that total
lung volume undergoes rapid changes during the last
trimester of gestation. At 30 wGA, the lung volume is
only 34% of the ultimate lung volume at mature birth,
and at 34 weeks only reaches 47% of the final volume
at maturity. In contrast, the air space walls decrease
in thickness such that at 30 and 34 weeks, they are
164% (28 um) and 135% (23 wm), respectively,
relative to the ultimate wall thickness at mature birth
(17 wm). In parallel, dramatic increases in air
space surface area occur. Surface area increases from
1.0-2.0 m? at 30-32 wGA, to 3.0-4.0 m? at term.
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These volume changes likely have direct mechanical
implications in reducing the vulnerability caused by
a low and unstable FRC. Maturation of the alveolar
network improves parenchymal elastance and there-
fore airway tethering.

2.2.3 Functional Residual Capacity Tends
to be Low and Unstable in Infancy

Maintenance of a stable and adequate FRC is impor-
tant to secure effective gas exchange. FRC is deter-
mined by the balance between the opposing forces of
the chest wall and lung and is thus a direct function
of their respective mechanical properties. In early
life, a compliant chest wall offers little outward recoil
to the respiratory system and thus the elastic charac-
teristics of the respiratory system approximate those
of the lung. The lung is also more compliant (i.e., has
less elastance) in premature and newborn infants.
The lung becomes less compliant (i.e., increases in
elastance) as it undergoes alveolization and the inter-
stitial network becomes more intricately woven.
(Note: interstitium here represents the alveolar wall;
a different concept from the same term utilized in
radiology). Compliance of the chest wall is extremely
high in premature infants and undergoes rapid stiff-
ening in late intrauterine life [4], but this stiffening
(or decline in compliance) continues over the first 2
years of life [5]. Therefore, in early life (and more so
in premature infants), the lung-chest wall equilib-
rium results in a mechanically determined FRC that
is low relative to older children and adults.

Thus, the baseline FRC in the young infant tends
to drive itself to low volumes because of the mechan-
ical characteristics discussed above. To circumvent
this limitation, infants, unlike older children, actively
elevate their FRC. At least three mechanisms are
involved in the protection of a high end-expiratory
volume: (a) initiation of inspiration at an end-expira-
tory volume above that determined by the mechani-
cal properties of the chest wall and lung [6]. The
other two mechanisms modulate the expiratory flow;
(b) use of laryngeal braking during tidal expiration
[7],and (c) persistence of inspiratory muscle activity
into the expiratory phase [8].

The age at which transition to an adult pattern
and cessation of these protective mechanisms has
not been established for all of them, but based on one
study [9] they persist at least into late in the first year
and into the second year of life. It is likely that for

premature infant the transition may be delayed.
Interference with these active protective mecha-
nisms, such as apnea or sedation, immediately drives
the system toward low lung volumes. Also to be kept
in mind is that the infant’s sleeping state, supine posi-
tion, and REM sleep (predominant in infancy) all
substantially reduce lung volumes [10].

2.2.4 Airway Tethering

An additional crucial mechanism that secures airway
patency and thus adequate maintenance of FRC is
airway tethering. Tethering is mediated through the
elastic components in alveolar walls that surround
bronchi. These elastic fibers are anchored to each
other creating an extended mesh that exerts a cir-
cumferential pull on the intraparenchymal airways.
This complex elastic network transmits tension from
the pleural surface to individual bronchi; thus, teth-
ering couples lung volume changes to airway caliber.
The force oscillates with the inspiratory cycle, and
increases during inspiration, increasing airway cali-
ber. The cross-sectional area of the airway decreases
with decline in lung volume and airways may close if
the lung volume is driven to critically low ranges of
FRC (as may occur through the processes described
above). Tethering of airways was shown to be absent
or less effective in young experimental animals [11]
and most likely in infants in whom alveolization and
the associated parenchymal elastic network are still
in early stages of development. The effect of reduced
tethering is decreased airway stability, increased ten-
dency to closure, increased airway resistance, and,
ultimately, a tendency to collapse alveolar units in
the lung periphery.

2.2.5 Lessons for the Pediatric Radiologist

With the above observations, the radiologist needs to
keep in mind that the predictable deficiencies in lung
volume in infants, and in particular when interfer-
ence occurs with the mechanisms that protect lung
volume (e.g., sedation), have an immediate effect on
the quality of imaging. Chest radiographs and in par-
ticular chest CT scans obtained at low lung volumes
have artifactual infiltrates in the lung fields that result
from closure of airways and atelectases. This occurs
in particular in the periphery of the lung and in



dependent areas of the lung that are subjected to
gravitational effects. To overcome these effects infla-
tion of the lungs during the acquisition of the imag-
ing is desirable. Most attractive for this purpose is the
methodology developed by Long and Castile [12].
Some further physiological concepts related to
pediatric respiratory physiology may be of use to the
pediatric radiologist. Lung emptying in expiration is
under normal circumstances a passive maneuver.
Expiratory flow rate is determined by the interplay
between a force that expels the air from the lung and
the properties of the airways through which this
exhaled air traverses. This flow rate is termed the
expiratory time constant (7) and is indeed a product
of the compliance of the respiratory system (C) and
the resistance of the airways (R) (thus, 7=CxR). To
clarify, the force driving the air out upon relaxation
at end inspiration is the elastance of the respiratory
system (combined elastic properties of the lung and
chest wall); this term is the reciprocal of the previ-
ously discussed compliance. In other words, compli-
ant structures such as are the chest wall and the lung
in the very young, as discussed above, offer little
driving force in exhalation. Small airways, the pat-
ency of which is impaired because of relatively small
lung volumes and insufficient tethering, offer rela-
tively high resistance to flow. This may be compli-
cated in conditions of uneven structures of airways
and parenchyma, because of damage related to
trauma to the lung, e.g., by mechanical ventilation, or
infection, creating regions that offer uneven empty-
ing profiles, or uneven expiratory time constants,
bringing about inhomogeneity in lung emptying.
The need to protect lung volumes through the
mechanisms described above results in a rapid
breathing rate, short expiratory time, and absent
expiratory pauses (rapid transition from expiration
to inspiration). In such circumstances, when the
breathing rate increases (for reasons such as hypoxia,
fever, or infection) there may be insufficient time for
full lung emptying, in particular when emptying
inhomogeneity is present. This may result in air
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trapping and a radiological interpretation of
hyperinflation. While no systematic studies exist on
the duration of this phenomenon, it is likely to
resolve within the second year of life when the matu-
rational processes bring about a shift to the adult
pattern of breathing.
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