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Preface

Respiratory disorders remain a major problem in neo-
natal intensive care. As a consequence, this is an area of
intensive research. In writing the second edition we,
therefore, felt it important to involve leading researchers
from all over the world to contribute in thewr specialist
areas. Qur aim is for this book to provide a comprehensive

and up-to-date statement on the physiology, pathology,
management and outcome of respiratory problems
facing neonatal clinicians on a daily basis.

Anne Greenough MD, FRCP, DCH
Anthony D Milner mp, ERCP, DCH
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There are major changes in the function of the lung at
the moment of birth. The lung has to be ready to func-
tion efficiently at this time, although it has grown while
not fulfilling its postnatal function. The lung at birth is
not a miniature version of the adult lung, but has grown
sufficiently to support the respiratory needs of the infant,
The primary function of the lung is gas exchange and the
airways and blood vessels are arranged to produce a dis-
tribution system for the air and blood to a large surface
area within a relatively small chest volume.

During infancy and childhood, as the body surface
increases the lung grows in size, increasing the size of air-
ways and the surface area for gas exchange in the alveolar
region with a concomitant increase in the size of blood
vessels and number of capillaries. The structure of the com-
ponents also mature.

FETAL STAGES OF LUNG DEVELOPMENT

The classic descriptions of lung growth have divided fetal
development into four major stages based on the appear-
ance of the lung tissue. These are embryonic, pseudo-
glandular, canalicular and alveolar; the last is sometimes
divided into an earlier saccular or terminal sac phase and
a later alveolar stage (Table 1.1, Figure 1.1). The alveolar
stage continues after birth and in some species is entirely
postnatal. There is also considerable individual variation
and one stage gradually merges into the next. Within each
phase, development of specific structures is of major
importance. During the embryonic period the main hilar

connections of the airways and the pulmonary circula-
tion are made. During the pseudoglandular phase the
pre-acinar airways with their accompanying arteries and
veins develop. During the canalicular phase the blood-gas
basrier thins and the maturation of the surfactant system
begins. In the alveolar phase alveoll multiply and by birth
up to half the adult number are present.

Development of the airways

The lung appears as a ventral diverticulum from the endo-
dermal foregut in the fourth week after ovulation. The
complete lining epithelium of the lung is derived from the
endoderm. This bud is formed within the splanchnic meso-
derm surrounding the gut and the dorsal aorta; it is from
this mesenchyme that the airway walls and blood vessels
are derived. A division produces the left and right bron-
chi by 26-28 days of gestational age and segmental air-
ways are present by 6 weeks. Further division of airways.
into the surrounding mesenchyme continues until the
end of the pseudoglandular stage (17 weeks of gestation)
by which time all pre-acinar airways to the level of the ter-
minal bronchiolus are present. The majority of divisions
occur during the tenth to fourteenth weeks of gestation®
{Figures 1.1 and 1.2).

During the canalicular period {16—27 weeks of gesta-
tion) the pre-acinar airways increase in diameter and
length. The peripheral airways continue to divide to form
the prospective respiratory bronchioli (two to three
generations in humans) and beyond these the prospect-
ive alveolar ducts. The mesenchymal region between the
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4 fetal and postnatal anatomicai lung development

Tahle 1.1 Phases of lung development in man

Embryonic 0-7 weeks of gestation Lung buds form. Blood vessels connect to the heart

Pseudoglandular 6—17 weeks of gestation Pre-acinar airways and blood vessels develop

Canalicular 1627 weeks of gestation Respiratory {intra-acinar) region deveiops. Thinning of peripheral
epithelium and mesenchyme. Type | and Il pneumonocytes

Alveolar 27 weeks to term Development of saccules and then alveali

Postnatal Up to 18 months Alveoli and small blood vessels multiply. All structures increase in size

Lg

(b) E LTI

Figure 1.1 Phatomicrographs illustrating the classical stages of fetal lung development: (a) pseudoglandular,
617 weeks of gestation; (b) canalicular, 16—-27 weeks of gestation, (¢) alveolar, 27 weeks to term.

Stages of lung Lung structure
development " Trachea
24 days
) L’_ Extyapulmonary main bronchus
Embryanic 28 days
0-7 weeks
gestation Bronchi

8-13 generations

/\\ Bronchiofi
Pseudoglandular J 3-10 generations
7-17 weeks
gestation 7
AA\\ Terminal bronchiolus 1

\)/ \ 1 generation
Canalicular & Respiratory bronchioli
17-27 weeks - 3-5 generations
gestation

Alveolar ducts Acinus

Alveolar ) 2-3 generations

Eg_‘;";ek;rfepsézt‘;‘;r[’al Alveoli Figure 1.2 Diagram representing the
300-600 million rumber of airway generations in the

10000/acinus human fung and the stage and
gestational age at which they appear.

Pleura
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Fetal stages of lung development 5

airways thins and capillaries come to lie beneath the
epithelium of the peripheral airways, apparently causing
the epithelium: to become thinner. The larger airways
{prospective bronchi) are lined by columnar epithelium,
but the distal broschioli are lined by cuboidal cells. At the
level of the prospective respiratory bronchioli, part of the
wall is lined by flattened cells, as are the prospective alveo-
lar ducts which at this stage are sac shaped (saccules).
By 20-22 weeks of gestation, type I and Il alveolar epi-
thelial cells can be identified lining all saccular air spaces.
The type I cells are flat and elongated and cover the mnajor-
ity of the surface. The type II cells maintain a cuboidal
shape and develop Iarr;‘dlgr bodies around 24 weeks of
gestation, which is 45 weéks'before surfactant can be
detected in the amniotic fluid. By the end of the canalicular
stage, the air to blood barrier is thin enough to support
gas exchange {about 0.6 pm) but the gas exchange units
are the large thin-walled saccules. True alveoli develop
later {p. 7).

Increase in airway size in the prenatal period is linear
and continuous with antenatal growth. After the first
year of life, there is a slowing in growth, there being an
approximately twofold increase between 22 weeks of ges-
tation and 8§ months postnatal age and a two- to three-
fold increase between birth and adulthood.™ A previous
study, measuring airway length and diameter in children
from birth to adulthood, had reported symmetrical
growth throughout the lung.'” Tracheal size does not dif-
fer hetween sexes during early life,'* but adult males have
a larger trachea than females. Girls have wider and/or
shorter airways than boys during early childhood and
this may explain their lesser tendency to wheeze, but by
adulthood males have relatively large airways. This may
be a factor in the relative decline in reversible obstructive
airways disease in teenage boys.

Airway wall structure

As successive airways form, their walls first develop air-
way wall smooth muscle closely followed by cartilage,
submucosal glands and connective tissue. These struc-
tural elements of the airway wall appear from the hiluin
towards the periphery and by 24 weeks of gestation the
airways have the same structure as they do in the adult.>®
Smooth muscle cells are present in human trachea and
lobar bronchi by 6 weeks of gestation and extend along
the airway pathway as the peripheral airways divide
(Figure 1.3). Only the ultimate lung buds do not have any
airway smooth muscle.'*** As in adult lungs, fetal airway
smooth muscle expresses contractile smooth muscle spe-
cific myofilaments such as smooth muscle a-actin and
smooth muscle myosin. In vitro studies of peripheral
explants of first trimester huinan lung have shown that
fetal airway smooth muscle cells have spontaneous
tone and peristalsis-like contractions which cause active
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Figure 1.3 Photomicrograph of peripheral airway bud in
o 44-day-ald fetus immunostained for fa) o smooth tnuscle
actin and (b} (D31 {endothetial marker}. Airway smooth
muscle {gsm) & smooth muscle pasitive, is seen to the
penultimate branch. Capiilaries {arrowheads), positive for
CD31 are seen as far as the periphera! bud and coalesce
alongside the airway {orrowed), A muscie wall, one cel
thick and « smooth muscle positive which is derived from
adjacent bronchial smooth muscle cells surraunds the
pulmonary ortery {pa).

movement of intraluminal fluid.*® The movements are
sensitive to acetylcholine and isoproterenol, suggesting
that neurohumoral factors modulate smooth rmuscle
activity.®® Postnatally there is reactivity to methacholine
and subsequent bronchodilation after addition of
metaproterenol in healthy infants less than 15 months of
age.” During fetal life and in the newborn, the amount
of muscle within a given sized airway is generally less
than in the adult {Figure 1.4).>” During the first year of
life, particularly in the Arst few weeks after birth, there is
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6 Fetal and postnatal anatomical lung development

a rapid increase in bronchia! smooth muscle mass rela-
tive to airway size. This rapid increase is probably related
to the change to air breathing since it occurs at a similar
postnatal age and therefore an earlier gestational age in
babies that are born prematurely (Figure 1.4), Airway
smooth muscle mass increases above normal in arti-
ficially ventilated babies.”

Cartilage first appears in the sixth gestational week in
the trachea, the tenth week in the main bronchi and
the twelfth week in segmental bronchi and by 24 weeks
of gestation extends as far as in the adult. There is a
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Figure 1.4 Photomicrograph of bronchiolar wall (a} at
term and (b) at 8 months of age (X808). The bronchial
smooth muscle at arrows increases with age. (¢) The area
of bronchial smacoth muscle/mm of airway perimeter

in smalf bronchi related to pestconceptional age. »,
Narmal fetus and infant; Q, premature infant.
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progressive increase in the total cartilage mass through
infancy and childhood as airways increase in size. The sub-
mucosal glands are responsible for producing most of the
mucus found in the airways. They appear in the trachea
of the human at 10 weeks of gestation and gradually
extend towards the periphery of the lung, reaching their
adult position by the canalicular stage, but it is only at
13 years of age that the glands have the adult appearance.
During childhood there is relatively more submucosal
gland mass within the airway wall than in the adult.**

Airway epithelium
The epithelial cells develop by differentiation and matu-
ration of the primitive endodermal cells. As well as pro-
ducing the fluid and mucus for the ciliary escalator to
remnove particles from inside the lung, the epithelium is
a source of smooth muscle inhibitory factor(s), and can
also generate endothelin, which is a contractile agonist as
well as a smooth muscle cell mitogen.*¢

Ciliated cells are found from the trachea to the respira-
tory bronchioli and at all levels are the most numerous
cells. They first appear at 11 weeks of gestation.” They
do not divide, but originate from basal or secretory cells.
Mucus-secreting or goblet cells are found from the
trachea to the end of the bronchioli. The presence of
intracellular mucus has been demonstrated in the human
fetal lung at 13 weeks of gestation but at this age the cells
are sparse. At birth, there is still a relatively low number
of goblet cells, less than 10 percent of the total number of
epithelial cells. After birth, there is a rapid increase in the
number of goblet cells, reaching up to 40 percent of the
total in the bronchi by 3 months of age.* Basal cells are
found in the larger airways and can be identified from 12
to 14 weeks of gestation and have been considered to be
a stem cell. In the terminal bronchioli a further cell type,
the Clara cell, is found. They are progenitors for the ali-
ated cells in peripheral airways.'® They produce Clara cell
10kDa protein {(CC10} which has immunomedulatory
and anti-inflammatory activity and may play a role in
controlling airway inflammation. Clara cells also produce
surfactant apoprotein, under B-adrenergic control.

Bronchial blood vessels

The airways are supplied with oxygenated blood via the
bronchial arteries, which appear from 8 weelss of gesta-
tion. They arise from the descending aorta as small
branches, probably by angiogenesis, and supply the extra-
pulmonary bronchi and extend down the intrapulmonary
airway wall alongside the cartilage plates. They divide to
form a subepithelial plexus and an adventitial plexus on
either side of the bronchial smooth muscle and cartilage.
By birth they extend to the end of the bronchioli, True



Development of the puimonary vasculature 7

) |

Figure 1.5 Nerve fibers in {a) bronchus (X 125) and

{b) bronchiolus (X 200) supplying epithefium (e},
submucosal region (s}, bronchial smooth muscle (m),
submucoso! gland (g and pulmonary artery (a).

Taken from, Hislop et al. (199022, With permission
from Official Journal of the American Thoracic Society.
American Lung Association.

bronchial veins drain the trachea and upper bronchi and
return blood to the right atrium while the veins in the
more peripheral airways drain via the pulmonary veins to
the left atrium.?

Innervation

The nerves of the lung develop from neural crest cells
which migrate via the vagus to the future trachea and
lung before it separates from the gut. There is progressive
extension and increase in complexity of the nerve sup-
ply.*® By 4 months of gestation the trachea has a nerve
supply to smooth muscle, submucosal glands and epithe-
liumn and there are nerves present in all but the smallest
airways, arteries and veins. By term and in the neonate, the
distribution and density of nerves are similar to that seen
in the adult, with parasympathetic (cholinergic) excitatory
nerves and inhibitory non-adrenergic, non-cholinergic

{NANC1) nerve fibres forming a meshwork within the
airway wall (Figure 1.5).?? Sensory nerves are also found
in the epithelium. There are few nerves within the air
spaces of the alveolar region of the lung.

DEVELOPMENT OF ALVEOLI

At the beginning of the alveolar stage of fetal lung devel-
opment, the peripheral airspaces or saccules have dis-
crete bundles of elastin at intervals around their luminal
edge forming small crests or subdivisions (Figure 1.6).'%
Between 28 and 32 weeks of gestation, these crests elon-
gate sufficiently to form primitive alveoli.’*?® The walls
of these alveoli are still thicker than in the adult, having a
double capillary supply and mesenchymal tissue between
the epithelial layers. With age, the crests increase in length,
become thinner by loss of interstitial matrix and have
only a single capillary network.” By 34 weeks of gestation,
mature cup-shaped alveoli line the elongated saccules,
now called alveolar ducts, and they are also found liniug
part of the walls of the respiratory bronchioli.

Counts of the alveoli {Figure 1.6) show an increase
with gestational age and by term between one-third and
one-half of the adult number is present, around 150 1nil-
lion!® (adult number 300-600 million?}. The increase in
lung velume seen in late fetal life is due mainly to the
increase in number of the alveoli. The alveclar surface
area increases and shows a linear relationship to age and
body weight. After birth the alveolar region of the lung
grows rapidly and it is likely that the adult number is
almost complete by 18 months of age.?85! Males generally
have a greater number of alveoli®® than females at all ages
over | year, independent of weight as well as age. Lung
volume (as measured by the vital capacity) continues to
increase until the early 20s in normal adults by increase
in size of alveoli.

DEVELOPMENT OF THE PULMONARY
VASCULATURE

The pulmonary arteries are connected to the heart at the
aortic sac and the pulmonary veins to the left attium by
5 weeks of gestation. There is a circulation between the two
via a capillary plexus in the lung bud mesenchyme. In the
adult lung the arteries run alongside the airways aud
branch with them, suggesting that their growth might be
regulated by the airways. In addition to these conventional
arteries there are exira, smaller, supernumerary arteries,
which are alongside the airway branches. They supply the
alveolar region mnore directly and are two to three times
greater in number than the conventional arteries. The veins
have a similar number of branches, both conventional and
supernumerary, but they run independently of the airways
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Figure 1.6 Alveolar development. (a} Photomicrograph of lung at 28 weeks of gestation. Saccules {s) with shaltow alveoli {a}
are separated by relatively thick interstitium (%X 187). (b} The fung at 34 weeks of gestation. A respiratory bronchiolus (rb)
leads into an alveolar duct lined by alveoli {a). Some saccules are stilf present {s) (X187}, {c) Lung at term. Alveoli are
mature in shape and thin walled (X 187)."% (With permission from Fisevier Science.} (d) Number of alveoli related to
postcanceptional age in normal and premature Infants and fetuses.

between acini and segments. Early studies on the develop-
ment of the arteries and veins showed that they grow at the
same time as the airways so that all pre-acinar vessels are
present by the seventeenth week of gestation, the end of the
pseudoglandular stage. The supernumerary arteries and
veins, which will be associated with the alveoli (not devel-
oped by this time}, also grow during this period. This sug-
gests a genetic influence on blood vessel development.?!
Recent studies of human fetal lungs, using specific
immunostaining, have shown that the pulmonary blood
vessels initially form de nove as endothelial tubes in the
mesenchyme around the peripheral airways (Figure 1.3),
the process of vasculogenesis, rather than by inward growth
of existing arteries, angiogenesis."> As the airways divide
towards the periphery from 6 to 17 weeks of gestation, the
intrapulmonary arteries form by continuous coalescence
of the endothelial tubes alongside the airway. The veins
derive independently from the same mesenchyme but
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coalesce to run between the airways. The capillaries in the
mesenchyme are continuous between the arteries and veins.

Arteries and veins develop alongside the respiratory
airways in the canalicular stage. At this time the capillar-
ies in the mesenchyme come to lie under the epithelium,
producing the blood—gas barrier (see¢ above). Later, as
alveoli form in late fetal life (after 30 weeks of gestation})
and after birth, there is a rapid increase in the number of
small pre- and post-capillary vessels. At birth, the pattetn
of branching of the arteries and veins is the same as in the
adult. They increase in size with age as the lung increases
in volume and the number of vessels at the periphery
increases. Between birth and adulthood, the surface area
of the lung increases about 20-fold and the capillary
volume 35-fold to maintain efficient gas exchange. This
increase may be by sprouting angiogenesis or alternatively
by intussuscepiion of tissue within an existing sheet so
increasing its surface area and complexity.”
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Vessel wall structure

Smooth muscle cells are found arcund the newly formed
arteries soon after they line up alongside the airways
{Figure 1.3). Muscle cells initially appear to derive from
the bronchial smooth muscle cells of the adjacent airway.
As the arteries increase in size, further putative muscle cells
are recruited from the mesenchyme and increase the thick-
ness of the muscle wall.'® Elastic laminae and collagen are
laid down between the layers of muscle cells. By half-way
through fetal life the structure of the pulmonary arteries is
the same as it is in the adult.?! The veins are relatively thin
wailed, with only two to three layers of muscle even at the
hilum. Both arteries and veins are surrounded by a thick
adventitia made up of collagen.

During fetal life, blood flow is directed away from the
lung due to high pulmonary artery resistance. Immedi-
ately after birth, pulmonary vascular resistance falls, and
there is a decrease in the wall thickness of the small mus-
cular arteries in the first few days. In the larger vessels
the low adult level is reached by 3 months of age.'® Studies
on neonatal pigs have shown that the rapid thinning at
the periphery is due to reorganization of the shape and
orientation of both pulmonary vascular smooth muscle
and endothelial cells.'* The rapid dilation of the pulmo-
nary vasculature is stitnulated by the rise in arterial oxygen
pactial pressure and the alveolar stretching. Endothelial-
derived relaxation factor or nitric oxide?” plays an
important role in vascular dilatation. The enzyme nitric
oxide synthase is present in the endothelial cells at birth,
increases in amount at 2-3 days of age, suggesting a role
in the adaptation process.”® Nitric oxide is used success-
fully in treatment of infants with persistent pulmonary
hypertension of the newborn.

THE LUNG AT BIRTH

At birth, the lung has a sinall volume, but this is related to
body weight. It has the adult number of airways with an
airway wall consisting of the components found in the
adult Jung. Within the respiratory portion of the lung the
majority of respiratory airways are present and there
are up to half the adult number of alveoli present. The
alveoli, though smaller than in the adult, have a blood-gas
barrier of mature thickness. The blood supply to the lung
is complete save for the blood vessels that will supply the
enlarging alveolar region. Before birth the lung is filled
with liquid and only 8-10 percent of the total cardiac
output flows through the pulmonary circulation. At birth,
fluid is replaced by air and a drop in pulmonary arterial
resistance allows total blood flow to pass through the
capillary bed,

During infancy, lung volume increases as alveoli con-
tinue to multiply. The airways continue to grow at the

same rate as before birth but the relative amount of
bronchial smooth muscle increases and goblet cell num-
ber increases. Premature delivery in the last trimester
does not seem to affect normal alveolar multiplication
{Figure 1.6)" or growth in airway size. The airways are
small for postnatal age and will thus have a relative
increase in smooth muscle mass and mucus secreting
cells {Figure 1.4).%° These structural changes are accentu-
ated by ventilator therapy.'® Infants who go on to develop
bronchopulmonary dysplasia (BPD} have a reduced
number of alveoli beyond the age when normal alveolar
development is complete.?’

FACTORS AFFECTING LUNG GROWTH

The earliest event in lung morphogenesis, the com-
mitment of foregut endoderm cells to form the lung
bud, appears to be critically dependent on the tran-
scription factoy, hepatocyte nuclear factor-3p {HNF-
3pLY Other transcription factors are also involved in
early differentiation. Gli proteins are implicated in the
mesenchymal-epithelial cell interactions that charac-
terize much of lung branching morphogenesis.*® Inhib-
ition of thyroid transcription factor (TTF-1) in fetal
mouse lung explants resuits in restricied branching
morphogenesis.””

Subsequent airway branching events and pulmonary
vasculogenesis involve reciprocal epithelial-mesenchymal
interactions mediated by growth factors and their recep-
tors as well as extracellular matrix proteins and their
cognate receptors on cells. Airway branching requires the
presence of both the endodermal tube lined by epithelial
cells and the surrounding mesenchyme. An airway tube
will continue to grow in length but will not branch if
its mesenchyme is stripped away,*® whereas mesenchyme
transplanted from an area of active branching will stimu-
late an otherwise dormant epithelial tube to divide. In
genetal, recepior tyrosine kinases and their ligands, basic
fibrobiast growth factor (DFGF}, platelet derived growth
factor (PDGF-AA) and epidermal growth factor (EGF),
positively modulate lung growth and branching morpho-
genesis while transforming growth factor-beta (TGE-B)
family members have an inhibitory effect on branching
morphogenesis. The initalization of capillary vasculo-
genesis is possibly dependent upon the vascular epiderinal
growth factor (VEGF) produced by the epithelial cells.*
Interplay may also occur between growth factors and phys-
ical stimuli such as spontanecus airway contractions and
fetal breathing movements. However, much of the inte-
gration of positive and negative signaling pathways Is still
unknown.®

Recent epidemiological evidence showing a relation-
ship between adult airway function and birth weight sug-
gests that intrauteriue nuirition in humans may be more
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10 Fetal and postnatal anatomical lung development

important than recognized previously.* Mainutrition will
affect lung growth both pre- and postnatally and will
have the greatest effect at the time of rapid alveolar devel-
opment.'*? This suggests that in humans the most rele-
vant time will be during late fetal life and up to 2 years
of age. In addition to calorie intake, vitamin A (retinoic
acid) has been shown to be essential for normal alveolar
development;*! vitamin A deficiency decreases alveolar
septal development. More importantly, vitamin A sup-
plementation leads to redevelopment of alveoli in rats
with elastase-induced emphysema? and retinoic acid
treatment given to young rats with dexamethasone-
induced failure of alveolar development induced new
septal formation.*®

Maternal smoking during pregnancy leads to an
increased risk of low birthweight, preterm delivery, and
sudden death in infancy.? Functional studies in human
infants shortly after birth show diminished airflows'® and
reduced specific conductance in those whose mothers
smoked during pregnancy, Recent measurements in pre-
term infants have shown that these changes are evident
at least 7 weeks before term.?* Animal studies have shown
maternal exposure to cigarette smoke results in offspring
with small lungs and decreased airspaces,®' reduces elas-
tin production® and leads to an increase in collagen
around airways.*

Glucocorticoids may be adiministered before birth to
accelerate maturation and prevent surfactant deficiency
syndrome (p. 256). They are also used to reduce inflam-
mation postnatally (p. 412). The use of glucocorticoids
may affect lung growth, especially since lung morpho-
genesis is regulated by glucocorticoid-affecting growth
factors.”® Structural studies in sheep and rats?>*! treated
with prenatal and postnatal dexamethasone have shown
accelerated alveolar wall thinning and maturation, at the
expense of subsequent normal alveolar development.*
Too few alveolar septae will eventually lead to alveoli
that are too large and more smoothly contoured, an
apparent emphysematous appearance.® Glucocorticoids
have been shown to reduce elastin, decrease procollagen
mRNA and reduce cross-linking, all of which may
alter the stability of the alveoli and the caliber of the
peripheral airways, possibly leading to enhanced ‘small
airways disease’ in the long term. The clinical effects of
such events may not become apparent until the aging
process is well established. The Jargely experimental data
in relation to glucocorticoids shows that therapeutic
intervention at critical stages of development may have
unwanted or unexpected sequelae at a later stage in devel-
opment. Lung growth in utero is also influenced by a
number of biophysical factors (p. 452). These biophys-
ical factors include the space available in the chest cav-
ity, fluid in the lungs and the amniotic sac, pressures
within the chest cavity and fetal breathing movements,
all of which interact to contribute to overall lung growth
(p. 456).
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The first breaths result in an enormous expansion of the
air-liquid interface of the respiratory systeni, from about
2cm? {estimated surface area of the larynx) to some
2-3m* in a full-term newborn baby when all alveoli have
become recruited.* The work required to expand the
inner respiratory surface is directly related to surface
tension.'” Gruenwald,?’ on the basis of port-mortem
pulmonary pressure-volume recordings and histological
observations of lung expansion patterns, postulated that
‘the addition of surface active substances to the air or oxy-
gen which is being spontaneously breathed in or intro-
duced by a respirator might aid in relieving the initial
atelectasis of newborn infants’ These observations antici-
pated the physicochemical demonstration of-surface-
active material in lung tissue by Pattle®® and Clements.'

SURFACTANT FUNCTION

There are three fundamentally different basic concepts
concerning the organization of the surface-active mate-
rial in the airspaces, linked to divergent physiological
concepts. According to most workers in the field, alveoli
communicate with ambient air throughout the ventila-
tory cycle and their surface is coated with a continuous
wet lining layer, which may undergo phase transition
(with solidification) during surface compression.'* An
alternative concept was introduced by Brian Hills,** who
claimed that the alveolar surface is essentially dry, and
that the surface-active material adsorbs directly to the
alveolar epithelium, except for small bulging water pools
at the alveolar corners. The third concept implies that the
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alveoli are stabilized by complete bubbles, in the neonatal
period as well as later in life.'® In this theoretical model,
the alveolar opening to alveolar ducts and respiratory
bronchioles are closed by a thin Alm of surfactant (at
least a bilayer}, which may disrupt and reform during
ventilation to facilitate gas exchange. Each of these ideas
can be supported by morphological observations. Qur
bias goes with the first alternative, especially as recent
low temperature electron microscopy images of the
peripheral airspaces of rat lungs have documented a con-
tinuous lining layer, concave in the corners.” In our opin-
ion, the terminal airspaces do not need closed bubble
films for stability. Once the alveoli have become
expanded with air, their total surface area is much larger
than that of the exit route (the conductive airways),
allowing only limited centripetal surface flux during
expiration. The gradual loss of respiratory surface area
that may nevertheless occur during regular breathing or
mechanical ventilation can probably be compensated for
by alveolar recruitment maneuvers in the form of inter-
mittent sighing.

LIFE CYCLE OF PULMONARY SURFACTANT

Lung surfactant comprises several different intracellular
and extracellular siructural entities, including lamellar
bodies, tubular myelin, large and small vesicles and sur-
face associated layers (Figure 2.1). There is continuity
between these forins and they are mainly composed
of lipids and a few specific proteins. The biochernical
composition of lung surfactant is often illustrated as the
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Figure 2.1 Schematic presentation of the life cycle of
surfactant showing an alveolar type H cell containing
fameltlar badies, a secreted tlamellar body swelling to
tubular myelin, an air—water interfacial monalayer of
phaspholipids with an associated bilayer and subphase
vesicles. Some desarbed surfactant is degraded by aiveolar
macrophages {nat shown} but the major part is recycled by
type il cells and degradation by alveolar macrophages are
indicoted by arraws. TM, tubular myelin,

Type 1l
cell

percentages of various compounds, where dipalmitoyl-
phosphatidylcholine {DPPC) constitutes about 35 per-
cent of the total mass, other lipid components including
unsaturated phosphatidylcholine (PC) and phosphat-
idylglycerol (PG} and neutral lipids about 55 percent
and proteins about 10 percent of the surface-active mate-
rial. Such a static model, however, does not do justice to
the versatility of the surfactant system during various
phases of its life cycle. Lameliar bodies isolated from lung
tissue by density gradient centrifugation contain the sur-
factant lipids and the surfactant proteins A, B and C (SP-
A, SP-B and SP-C, see below). Whereas SP-B and SP-C
are highly enriched in lamellar bodies, constituting
about 50 percent of total protein, the SP-A content is very
low, about 1 percent. Transition to tubular myelin
implies a change in the chemical compaosition, in that
SP-A becomes more abundant and apparently added
from other sources (direct secretion from type I cells
and/or Clara celis®?), SP-A constitutes about 50 percent of
the protein in extracellular surfactant purified from lung
lavage fluid.*® This is consistent with the postulated role of
SP-A as an important ‘organizer’ of the tubular myelin. It
has been documented by immunoelectron microscopy
that SP-A is located in the corners of the tubular myelin
structures, apparently splinting the lattice,'?

Direct transition from tubular myelin to the surface
film can be demonstrated by electron microscopy.”? The
surface film likely adsorbs as a mixture of saturated and
unsaturated PC and PG and the insertion of the lipids
into the surface ‘monolayer’ is apparently promoted
by the hydrophobic surfactant proteins.”>™ Selective
adsorption of DPPC to the air-water interface, also
mediated by the hydrophobic surfactant proteins, may

occur, %1% The surface film probably is refined by selec-

tive squeeze-out of unsaturated lipids,®* and at expira-
tion to functional residual capacity it probably consists
of nearly pure DPPC, which is solid at normal body tem-
perature and therefore avoids the destabilizing effect of
surface tension in a system of alveoli of different size.'®
The desorbed material, ultrastructurally characterized as
‘small vesicles’, contains less DPPC and less surfactant
proteins, and is less surface active than the material
organized as lamellar bodies, tubular myelin or ‘large
vesicles:” Desorbed surfactant is taken up by alveolar
type I1 cells (Figure. 2.1) ¢, t6 'z minor extent, degraded
by alveolar macrophages. -

The life cycle of surfactant is tightly regulated to
ensure maximal economy, especially in the neonatal
period. The type II cells recycle desorbed surfactant mate-
rial. It has been estimated that in the neonatal rabbit lung
about 95 percent of alveolar PC molecules is recycled
before being catabolized or removed from the alveolar
spaces by other routes; in adult rabbits the corresponding
figure is about 20 percent.*”*® There is negative feedback
regulation of surfactant production mediated by SP-A
binding to type II cells.!"” Surfactant secretion is at least
to some extent triggered by stretch receptors and by
(3-adrenergic receptors on alveolar type II cells which
mncrease in number towards the end of gestation. Several
other secretagogs stimulating the release of surfactant
into the alveolar spaces have been identified.”"'?!

PHYSICAL PROPERTIES OF
SURFACTANT FILMS

The molecular mechanisms involved in the sorting of sur-
factant material at the air-liquid interface of the lung are
not well understood. SP-A enhances surface adsorption of
lipid extract surfactant at low surfactant concentrations
(=0.2 mg/inl), and seems to promote selective removal of
nen-saturated phospholipids during cyclic film compres-
sion. These effects of SP-A are amplified in the presence of
calcium,!” SP-B and SP-C individually accelerate the
adsorption of phospholipids from the hypophase.!787
SP-B, which is composed of two subunits, has the ability
to crosslink phospholipid membranes and may be impor-
tant for generation of a ‘surface-associated surfactant
reservoir’'®® The presence of multilayers in the wall of a
captive bubble can be demonstrated in wash-out experi-
ments (Figure 2.2). For a review of various methods to
evaluate surface tension see reference 100.

Methods to assess surface tension

The classical in vitro experiments documenting the capac-
ity of surfactant films to reduce the contractile force of an
air-liquid interface (usually referred to as surface tension)
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Figure 2.2 Surface-tension-area isatherms abfained with a
film of bovine lipid extract surfactant (BLES), after washout
of surfactant material from the hypophase. Recardings
were made with a captive bubble surfactometer at 37°C.
During the first film compressian {filled circles) only a smalil
area change is required to produce near zero minimum
surface tension, indicating a film highly enriched in DPPC.
During first bubble area expansion {open circles} surface
tensfon remains around 25 mN/m because of adsorption of
material from the surface-associated reservoir. The bubble
surface can be expanded to three to four times the original
area, without losing its capacity to generate near zera
surface tension on compression. This indicates that the
bubble initiolly was cooted with o multitayer of surfactont
lipids. From Schiirch and Bachofen,'®* with permissian.

to very low levels during surface compression were per-
formed with a Langmuir-Wilhelmy balance.!® The same
type of instrument was used by Avery and Mead® to
demonstrate the absence of surfactant material in the
lungs of babies with RDS (hyaline membrane disease).
Later on, Enhorning? developed a device, usually referred
to as the pulsating bubble surfactometer (PBS), for evalu-
ation of dynamic surface tension of a bubble formed in a
liquid sample (for example, amniotic fluid, fetal lung liq-
uid or lung lavage fluid) and communicating with ambi-
ent air. The Langmuir-Wilhelmy balance and the PBS
both have the potential problem of film leakage, which
may lead to underestimation of film stability during sur-
face compression.”

Film leakage is avoided with the captive bubble systemn
(CBS) invented by Schiirch et al.!® In the CBS, the
bubble is closed, floating against a ceiling of agarose, and
there is no exit for the surface film during surface com-
pression. Surface tension is determined from the shape of
the bubble profile, which becomes flatter when surface
tension is reduced below the equilibrium level. Using
this machine, Schiirch et al'*'%% demonstrated that
preparaiions of surfactant isolated from mammaliar;l 4
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Fipure 2.3 Surface properties of modified natural
surfnctant (Curosurf, diluted to 1 mg/mi) containing onfy
lipids and the hydrophabic proteins SP-B and SP-C, recorded
with a captive bubble surfactometer at 37°C, Data are given
as mean and sem. (a) Time course for adsarption as reflected
by surface tension measurements immediately after bubble
formation in the sample chamber (n = 4). An equilibrium
surface tension of about 25 mN/m is established within
approximately T second. (b} Surfoce tension plotted against
relative surface area during the first compression cycle

(n = 5). Only 20 percent surface compression is required to
reduce surface tension ta obout 2 mN/m, fndicating selective
odsorption of DPPC. Adapted from Schiirch et al 198

lungs by extraction with organic solvents {containing
only lipids and the two hydrophaobic proteins SP-B and
SP-C) adsorb extremely rapidly to the bubble surface,
and that a minimum surface tension of nearly 0 mN/m,
indicating phase transition with selidification of the sur-
face fllm, is recorded after only about 20 percent surface
compression (Figure 2.3). These are precisely the surface
properties required for adequate lung adaptation at
birth. The fast adsorption rate matches the rapid enlarge-
ment of the surface area in the lungs during the first
breaths, and the low compressibility of the surface film
{due to selective adsorption of DPPC and/or selective
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squeeze-out of non-DPPC components) effectively sta-
bilizes the alveoli during expiration. Schiirch et ai.!%
measured alveolar surface tension in situ by observing
the shape of droplets of liquid applied onto the alveclar
surface. They found that alveclar surface tension dropped
to very low levels (nearly 0 mN/m} at the end of expira-
tion. Under these experimental conditions alveolar surface
tension is unrelated to alveolar size but depends on the
degree of surface compression.'®?

SURFACTANT PROTEINS

There are four proteins associated with lung surfactant,
which are thought to be important regulators of surfac-
tant activity. These proteins are called SP-A, SP-B, SP-C
and SP-D from their order of discovery.”? SP-C is the
only one of the surfactant proteins that is expressed
exclusively in alveolar type II cells. The other three sur-
factant proteins are expressed also in Clara cells, and
SP-A and SP-D in the gastrointestinal tract and the
Eustachian tube.*

SP-A and SP-D

STRUCTURE

SP-A is a large {(about 650 kDa) glycoprotein that, like
SP-D, from a structural point of view belongs to the
calcium-dependent collectin (collagenous lectin) family
of proteins. Other collectins include the serum proteins
mannan-binding protein, CL-43 and conglutinin. The
collecting share a common architecture composed of
N-terminal triple helical collagen-like helices to which
C-terminal lectin-like globular heads, or carbohydrate
recognition domaius (CRDs) are linked. There is one
globular head for each polypeptide chaiu in the triple
helix, thus making three lectin domains that each can
bind one carbohydrate moiety per collagen stem.*> SP-A
contains six triple-helical collagen stems and thus con-
tains in total 18 polypeptide chains. The six collagen-like
stens of SP-A are arranged in a flower bouquet-like
manner, with the lectin domains located in the periphery
and parts of the collagen-like helices being held together
lateraily (Figure 2.4), The overall structures of SP-A and
the complement factor Clq are very similar, although
Clq does not belong to the coliectin family.

SP-D shares the presence of collagen-like stemns and
lectin CRDs with SP-A, but the quaternary structure of
SP-D is different from that of SP-A and more closely
related to that of the bovine serum protein conglutinin.
SP-D is an X-shaped molecule composed of fonr triple-
helical stems that are held together in the N-terminal
parts and radiate towards the periphery and end with the
CRDs* (Figure 2.4). Native SP-D is thus composed of 12
polypeptide chains and has a total molecular mass of

SPA SP-D

Figure 2.4 Structural properties of SP-A and SP-D. Each
elongated stem represents a collagen-like helix of three
polypeptide chains and each oval ‘head” represents three
carbohydrate recognition domains.

about 500 kDa. SP-D is a glycoprotein, like SP-A, but the
N-linked carbohydrate chains are bound to different
sites.

FUNCTION

The collectins can via their CRDs target carbohydrate
strucfures on invading pathogens, mainly bacteria but
also fungi, viruses, and potential allergens, resulting in
the agglutination and enhanced clearance of the foreign
material.*” The distances between the three CRDs of each
trimeric unit of SP-D are well suited to bind carbo-
hydrates located on the surfaces of microorganisms, but
too long to bind to the more closely spaced carbo-
hydrates on eukaryotic cells.”® This probably also applies
to SP-A, although no experimental high-resolution
structural data is available. These features strongly sug-
gest that a main function of the surfactant proteins SP-A
and SP-D is to bind microorganisms invading the air-
ways. They, thus, belong to the non-clonal and innate
host defense, which is functional in the absence of, and
prior to, the development of the adaptive antibody-based
immune system. The trimeric structure imposed by the
collagen-like stem is a prerequisite for the proper func-
tion of collectins; the carbohydrate affinity of a single
CRD is weak but the trimeric organization permits a
trivalent and hence stronger interaction between col-
lectin and carbohydrate-contfaining surface. The further
assembly into larger entities enables the collectins to
cross-link several target particles and perhaps also to
interact simultaneously with target and with host cells.?’

In addition to their binding of carbohydrates, both
SP-A and SP-D, in contrast to what is known for most
other collectins, also bind phospholipids. SP-A binds to
several phospholipid classes but with a preference for
DPPC,”%%# while SP-D specifically binds phosphatidyl-
inositol (PI),””®® a relatively minor compound of the
surfactant lipids in most species. SP-A was discovered as
a component of surfactant isolated from animal lungs,
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and was thus anticipated to be involved in the organiza-
tion of surfactant lipids and reduction of alveolar surface
tensicn. The essential role of SP-A for formation of tubu-
lar myelin structures in vitro''>% and in vivo®® is in keep-
ing with this notion. However, SP-A knockout mice show
no evidence of respiratory disorders {p. 18}. The presence
of SP-A in surfactant preparations enhances resistance to
inactivation by exogenous components,'®"? possibly by
formation of large lipid aggregates that are less suscepti-
ble to disruption by inhibitory agents, SP-A may thus be
important for reduction of surface tension under stress
conditions, for example when plasma proteins leak into
the airways. It remains to be established whether the tight
association of SP-A with surfactant lipids is of impor-
tance for the surface tension reduction by surfactant
under certain conditions that are not encountered in the
SP-A knockout mice, Alternatively, the association of SP-A
with surfactant may be important for its innate host
defense activities. Although SP-D binds P1, very little SP-D
segregates with surfactant during purification, that is,
most SP-D} is recovered in the soluble supernatant after
centrifugal precipitation of surfactant.% It is possible that
SP-D binds PI because of the structural similarity
between the incsitol moiety of the PI head group and
carbohydrates normally recognized by SP-D.

SP-B

STRUCTURE

SP-B is a comparatively small protein with a molecular
mass of 17 kD, composed of two identical polypeptide
chains that are held together by a disulphide bond.*®
SP-B belongs to the family of saposin-like proteins, which
include also the lysosomal sphingolipid activating pro-
teins (saposins) and the membranolytic NK-lysin from
white blocd cells and amebapores from Entamoeba
histolytica.%® The pairwise sequence similarities between
different saposin-like proteins is low but they all share
the presence of unpolar residues at positions which are
buried in the interior of the folded proteins and the loca-
tion of half-cystines that form three intrachain disul-
phide bridges. The three-dimensional structures of the
different saposin-like proteins are therefore similar, whilst
their surfaces differ substantially.® This is reflected in
that the saposin-like proteins perform widely different
specific functions, but they all interact with Iipids. $P-B is
the only one of the saposin-like proteins that is a covalent
dimer. This specific feature is, however, not necessary for
the function of SP-B, as replacemnent of the Cys residue
that forms the interchain disulphide bridge with Ser does
not lead to detectable respiratory problems in transgenic
mice.® The mutant (Cys48Ser) SP-B, however, is less sur-
face active than the wild-type protein in vitro, which can
be compensated for by increasing the concentration of
the mutant protein.®!*
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Figure 2.5 Structural properties and lipid interactions of
SP-B and SP-C. The SP-B stricture is buift up from twe
identical subunits held together by a disulphide bond and is
depicted as an elongated molecule in which the poles are
positively charged and the central region is mainly polar.
SP-B is here located in the supetficial parts of a
phospholipid bilayer, but other localizations are also
possible, see text for details. SP-C consists mainly of a
transmembranous a-helix and an N-terminal region, which
harbors twa palmitoy! groups bound fo Cys residues via
thigester bonds.

SP-B contains about 45 percent a-helical secondary
structure. This is in good agreement with the suggested
presence of four to five amphipathic helices, that is, o-
helices in which one part of the circumnference is unpolar
and the other part is polar.? Most experimental data sug-
gest that SP-B is a peripheral membrane protein, that is,
that it interacts with the superficial parts of phospholipid
bilayers and lacks transmembranous segments''? (Figure
2.5). The tertiary structure of SP-B has not been experi-
nientally determined, and different models of its struc-
ture and lipid interactions have been proposed.'>#»>63
The SP-B polypepiide sequence has been modeled on the
NK-lysin structure. The ensuing molecular model is
elongated and each end is strongly positively charged, while
the central region mainly contains unpolar residues.'>*
It is likely that association of SP-B to a phospholipid
bilayer is mediated, on the one hand, via interactions
between the central unpolar region of the protein and
the lipid acyl chains and, on the other hand, between the
positively charged poles of SP-B and the phospholipid
head groups, preferentially the head groups of negatively
charged phospholipids. The mode! steucture of SP-B can
be located differently in a phospholipid bilayer, either
superficially (Figure 2.5), or at the edges of bilayer disks,
or even in a transmembranous manner. It is possible
that SP-B/phospholipid interactions are dynamic and
that SP-D can adopt different locations under different
circumstances.

FUNCTION

SP-B is unique among the saposin-like proteins in being
soluble only in organic solvents or detergents. SP-B is
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tightly associated with surfactant lipids and removal of
SP-B from lipids requires chromatographic separation in
organic solvents. In line with this, SP-B has profound
effects on lipid organization.¥” SP-B is required for
tubular myelin formation iz vitre and in vivo''>'?? and
induces bilayer disk formation when added to lipid
vesicles.® SP-B is also able to cross-link and fuse lipid
vesicles and accelerates the spreading of lipids to an
air—water interface.!%'®'%78 SP_B in a surface-associated
lipid layer is more effective than SP-C in promoting
insertion of additional lipids from the subphase.”” SP-B
carries a strong net positive charge and interacis prefer-
entially with negatively charged phospholipids,*!*® of
which PG is the most abundant in surfactant. In pure
palmitic acid monolayers at high surface pressure, SP-B
induces a fluid network around condensed domains.”™
Oviedo and coworkers® recently showed that the immuno-
reactivity of SP-B is more pronounced in anionic than in
zwitterionic phospholipid bilayers, and the authors sug-
gested that the conformation of SP-B may be modulated
by the swrrounding lipids.

SP-C

STRUCTURE

SP-C is the smallest of the surfactant proteins with a
mnolecular mass of 4 kDa. Strictly speaking, SP-C is not a
protein but a 35-residue peptide composed of only one
secondary structure element. SP-C is extremely hydropho-
bic, more so than SP-B, and behaves chromatographi-
cally like a long chain fatty acid.** The very hydrophobic
nature is caused by a long stretch of aliphatic residues
with branched side chains, primarily valine, which is
branched at the B-carbon, and two palmitoylated Cys
residues. The polyvaline region covers the middle and
C-terminal parts of SP-C and the palmitoylcysteines are
present in the N-terminal part of the peptide. The three-
dimensional structure of SP-C encompasses an o-helix
covering positions 9-34, that is, the entire polyvaline
part. This helix perfectly matches the size of a fluid
bilayer composed of DPPC, which makes it very likely
that SP-C is a transmeinbranous peptide® (Figure 2.5).
This conclusion was drawn already from infrared spec-
troscopy studies, which showed that the SP-C helix is
oriented in parallel with the lipid acyl chains in a phos-
pholipid bilayer.3118 It is likely, but not experimentally
proven, that the two palmitoyl groups and the helix
interact with the same bilayer. This would leave essen-
tially only the N-terminal three to four residues located
outside the phospholipid bilayer plane. Alternatively, it is
possible that the SP-C helix and the palmitoyl groups
interact with two different lipid layers; this would enable
SP-C to bind two lipid entities together.®® The short
distance (at the most 10-15 &) from the start of the helix
to the palmitoyl groups, however, is expected to give

strong repulsive forces between two phospholipid layers.
The functional roles of the palmitoyl groups of SP-C are
not known. Removal of the palmitoy! groups by chemical
methods yields a less surface-active pepiide.””'?” The pres-
ence of the acyl groups has been suggested o influence the
orientation of SP-C relative to the phospholipid plane.”
Comparison of a palmitoylated and non-palmitoylated
synthetic analog of SP-C in the PBS showed that the pres-
ence of the palmitoyl groups increased the mechanical
stability of the peptide/lipid mixtures, facilitated the
respreading of lipids to the interface and increased the
amount of surface-associated lipid material.™

SP-C is a particularly clear example of a protein that
can take on different conformations.™ The soluble a-
helical structure of SP-C converts in about 2 weeks into
an insoluble aggregate in which SP-C shows B-strand
conformation.!! The SP-C polyvaline a-helix is kineti-
cally very stable from tight interactions between the valine
side chains,*®® but once it opens up into a non-helical
structure, it does not refold again but forms B-sheet
aggregates. This is in agreement with the early observa-
tion that synthetic peptides with the SP-C amino acid
sequence do not fold properly into a helical conforma-
tion, but form insoluble aggregates,® although «-helical
conformation has been observed for SP-C expressed in a
baculovirus system.'?! The q-helix — B-sheet conver-
sion of SP-C is associated with formation of amyloid
fibrils. This is not an uncommon feature of polypeptide
chains, in fact a pumber of different proteins have
recently been found to forms fibrils under partly dena-
turing in vitro conditions, although they are not known
to form amyloid under physiological conditions, Forma-
tion of SP-C aggregates and fibrils is, however, not lim-
ited to in vitro sitnations, but occurs in association with
pulmonary alveolar proteinosis (PAP).> In bronchoatve-
olar lavage fluid from PAP patients, but not from healthy
controls, abundant insoluble aggregates can be isolated
which exhibit the characteristic properties of amyloid by
light and electron microscopy, and are composed of
SP-C. The PAP-associated fibrils appear to contain a sig-
nificant amount of non-palmitoylated SP-C, while SP-C
isolated from healthy individuals is almost entirely comi-
posed of the dipalmitoylated peptide. This suggests that
removal of the palmitoyl chains can occur in PAP and
that depamitoylated SP-C is more prone to form fibrils.
Removal of one or both of the palmitoyl groups in vitro
destabilizes the SP-C peptide and results in faster unfold-
ing of the a-helical conformation and formation of
insoluble aggregates.’ It is not known what factor(s)
may cause removal of the palmitoyl groups in PAP.

SP-C is the only known transmembrane helix com-
posed of almost exclusively a polyvaline stretch. It is
possible that the high short-term stability given by the
polyvaline design is required for SP-C function and can-
not be mimicked by amino acid sequences usuaily found
in transmnembrane helices. SP-C contains positively
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charged residues only at the N-terminal end of the helix
and, as pointed out by Amrein and coworkers,! the SP-C
helix constitutes a strong dipole. Maybe the stable poly-
valine segment is required for stabilization of this inher-
ently unstable helix. Further studies are needed in order
to fully understand the biological significance of the very
unusual structural features of SP-C.

FUNCTION

SP-C is found in lamellar bodies and in alveolar surfac-
tant, but the preferred location of SP-C in alveolar sur-
factant is not known. From the size of SP-C, it appears
that the peptide would preferentially be located in a
phospholipid bilayer, and when SP-C is placed in a phos-
phelipid monolayer the helix axis makes a 70 degrees tilt
relative to a normal to the monolayer plane so that the
unpolar polyvaline part can interact with the fatty acyl
chains.?® Although SP-C has a number of documented iz
vitro effects on the organization and behavior of lipid
vesicles and monolayers,!? the function of SP-C at a
molecular level is not understood. I» vitro, SP-C dramat-
ically accelerates the spreading and adsorption of phos-
pholipids to an air—water interface, decreases the surface
tension achieved by lipid mixtures under dynamic condi-
tions, and organizes the collapse phase obtained by area
compression.'»1%81 116122 Erom their different structures,
it would seem likely that SP-B and SP-C perform differ-
ent functions in the surfactant system, but many of the
in vitro effects on lipid behavior are similar for SP-B and
SP-C. Notable exceptions are that only SP-B is able to
fuse lipid vesicles®' and that SP-C appears to be more
effective than SP-B in promoting reinsertion of collapse-
phase lipids into the surface film.%

‘Knockout’ models

SP-A

Ablation of the genes coding for the surfactant proteins
in mice has generated important, and partly unexpected,
information about their specific functions. Knockout of
the SP-A gene makes the mice unable to form tubular
myelin, however, without respiratory dysfunction.™ In
line with this, blockage of SP-A. in newborn rabbits by
monoclenal antibodies does not lead to respiratory dis-
tress.”’ As expected from the SP-A collectin properties,
however, SP-A knockout results in increased susceptibil-
ity to infection with group B streptococci®’ and Pseudo-
monas aeruginosa (for a review see reference 58).

SP-D

As SP-A and SP-D beth are collectins and similar in
structure, it is rather surprising that knockout of SP-D
does not produce any detectable increased susceptibility
to infections. SP-D knockout does, however, produce
alveolar accumulation of lipids and proteins, whiéki

increases with age but does not lead to respiratory fail-
ure.” The histological picture seen as a result of SP-D
deficiency is similar to that seen in association with alveo-
lar lipoproteinosis, and suggests that SP-D modulates
surfactant clearance by alveclar macrophages. Knockout
of the gene coding for granulocyte macrophage colony-
stimulating factor (GM-CSF) also yields alveolar lipopro-
teinosis,”! but the underlying mechanisms seem to differ
between SP-D and GM-CSF deficiency.

SP-B

Knockout, or blockage by antibodies, of $P-B leads to
lethal neonatal respiratory distress with decreased lung
compliance, leakage of plasma proteins into the air-
spaces, and hyaline membranes.'>*%% In SP-B knockout
mice, lamellar bodies are abnormal and tubular myelin
structures are absent, implying disturbed intracellular as
well as alveclar surfactant metabolisin. This strongly sug-
gests that SP-B and/or proSP-B is central to surfactant
function. In the SP-B knockout mice {as well as in chil-
dren with genetic deficiency of SP-E, see below) the nor-
mal proteolytic processing of proSP-C into the mature
SP-C is disturbed, causing accumnulation of a processing
intermediate and to abnormally low levels of mature SP-
Cin the alveolar spaces.'®!%> A likely explanation to these
disturbances is that proteolysis of proSP-C normally
partly takes place in lamellar bodies, and that the malfor-
mation of these organelles in SP-B knockout mice leads
to a block in the processing of proSP-C. It is unclear to
what extent the disturbances in the generation of SP-C
contribute to the phenotype of the SP-B knockeut mice.

SP-C

The structural properties of SP-C suggest that it is func-
tionally important. However, studies on SP-C knockout
mice have given contradictory results, depending on the
strain of mice used. In a first series of experiments, SP-C
gene targeted outbred Swiss black mice had normal lung
function and development. The only detectable abnormal-
Ity was reduced captive bubble stability at low surfactant
concentrations compared to surfactani from wild-type
mice.”” Apparently lack of SP-C in the fetal and neonatal
lung can be compensated for. Considering that SP-C and
SP-B have similar fn-vitro activity (see above), it is likely
that SP-B, which is present in normal amounts in $P-C
knockout mice, can at least to some extent replace SP-C. In
more recent studies, SP-C knockout congenic 129/Sv mice
developed chronic interstitial lung disease*” similar to the
pathological findings reported in human patients with
farnilial SP-C deficiency,” as further discussed below.

ONTOGENY OF THE SURFACTANT SYSTEM

There has been a continucus interest in developmental
aspects of the surfactant systern since it was first discovered
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that levels of surfactant components in amnictic fluid
could serve as markers of fetal lung maturation, predict-
ing the risk of RDS in cases of threatened premature
birth.?® The clinical significance of this concept was
amplified with Liggins and Howie’s pioneering observa-
tion® that fetal lung maturation can be accelerated by
maternal treatment with corticosteroids (p. 256}. Gluck
and coworkers™ showed that the lecithin:sphingomyelin
(L:S) ratio was a useful parameter for this purpose
{“lecithin’ ts the trivial name for PC). The L:S ratio nor-
mally reaches mature levels at a gestational age of about
36 weeks, but there is a large individual scatter, especially
as accelerated fetal lung maturation may occur in a
variety of fetoplacental disease conditions. More accu-
rate information on fetal lung maturity can be obtained
by analyzing the entire phospholipid profile in amniotic
fluid, where particularly the appearance of PG signals
that the fetal lung is ready for the first breath, at least as
far as the surfactant system is concerned. A number of
other tests are now available for antenatal evaluation
of lung maturity, inciuding biophysical measurements of
surfactant activity as reflected by, for example, stable
microbubbles, lamellar body counts and assessment of
SP-A and SP-B in amniotic fluid. In principle, these tests
can also be applied to gastric aspirates obtained at
birth,!'40

Surfactant proteins

All surfactant proteins are expressed in fetal lung epithe-
fium, but at different stages of development. SP-C expres-
sion starts during the second trimester, while the SP-B,
SP-A and SP-D expression starts during the second haif of
the third trimester, The temporal pattern of SP-C expres-
sion during development hence does not correlate with
that of pulmonary surfactant wiaturation. It is not known
whether this reflects a function of SP-C not related to sus-
factant, or that SP-C expression is driven by transcription
factors different than those involved in the expression of
the otber surfactant proteins in the fetal lung.

Alveolar pool

The normal alveolar pool size of surfactant phospho-
lipids in a full-term neonatal lung has been estimated to
about 100 mg/kg,* which is about 10 times larger than
the corresponding figure for the normal aduit lung, or
for the lungs of a mewborn baby with RDS.*! Large
amounts of surfactants apparently have to be secreted
into the fetal airspaces towards the end of gestation to
prepare the baby for the first breath. This is because the
fetal lungs are filled with fluid at a volume approximately
corresponding to fuuctional residual capacity (about
30 mW/kg). Kobayashi et al.® assessed, in experiments on
preterm newborn rabbits, the amount of surfactant that
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had to be instilled into the liquid-filled airspaces at birth
to ensure adequate air expansion of the lungs and con-
cluded that the ‘critical concentration’ of surfactant is
about 3.5mg/ml. This is strikingly similar to the esti-
mated normal pool size of alveolar phospholipids in the
full term neonatal lung*® divided by the volume of fetal
lung liquid in the alveolar compartment. Th¢ normal
pool size of surfactant lipids in the neonatal Iung also
matches the recommended clinical dose of surfactint in
a baby with RDS (100 mg/kg).”® The infant may need so
much surfactant at birth because there is so much water
in the lungs. This water must be removed from the aix-
spaces to leave room for air expansion and gas exchange.
Postnatal resorption of lung liquid is not instantanecus
and during transition from liquid-filled to completely
air-expanded airspaces there is probably a stage of mild
hyperexpansion and foaming, both in conducting air-
ways and alveoli. This phenomenocn has been studied by
Scarpelli,'%” who claimed that alveoli are stabilized by
bubbles not only in the immediate neonatal period but
also later in life. This intriguing concept has not been
geuerally accepted.

Lung fluid resorption and surfactant

The fetal lung is a secretory organ, producing lung liquid
at a rate of about 70 mi/kg/h near term (Chapter 3). The
surge of catecholamines at birth triggers a switch from lung
liguid production to resorption through sodium-channels,
reversing the flow of water across the lung epithelium.
The sodium channels can be blocked by amiloride.”
Resorbed lung water accumulates in the interstitial com-
partiment, visible in histological sections as perivascular
‘cuffs’ during the frst few hours after birth, and is further
drained by lymphatics. The drainage of liquid from the
neonatal rabbit lung is reflected in a fall in wet weight
from approximately 25mg/kg at birth to 21 mg/kg at
1 hour and 12 mg/kg at 24 hours? (for review see refer-
ences 8 and 126).

It has been claimed that the transepithelial movement
of lung liquid at birth is directly influenced by surfactant,
and that the wet lung syndrome, also known as transient
tachypnea of the newborn, is caused by mild surfactant
deficiency® (p. 272). Although the idea seems atiractive,
it underestimates the role of active transepithelial
water transport and has not been supported by animal
experimental data. Of course, stabilization of the alveoli
after fetal lung liquid has been transported to the inter-
stitial compartment is a vital function of surfactant, but
this does not inean that surfactant provides a driving
force for transepithelial flux of water. Knockout of the
aENaC subunit of the sodium channels referred to above
results in failure to drain the fetal lung liquid and
the mice die in the neonatal period from respiratory
failure.*
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Song et al.''? carried out a series of experiments on
newborn rabbits to clarify the functional significance of
surfactant and sodium channels for clearance of fetal
lung liquid at birth. Animals were delivered at a gesta-
tional age of 27.5 days (immature lungs, surfactant defi-
cient} or 29.5 days (nearly mature, surfactant sufficient}
and tracheotomized. Experimental animals were treated
with 1 mM amiloride or saline, and immature animals
were in addition treated with modified porcine surfac-
tant (Curosurf, Chiesi Pharmaceutici, Parma, Italy; dose
150 mg/kg}. As expected, the drainage of water from the
lungs, reflected by decreased wet weight and extravascu-
lar lung water content, was more effective in the 29.5 day
than in the 27.5 day animals, and was not influenced in
the immature animals by treatment with surfactant.
Another anticipated finding was that amiloride caused a
significant delay in clearance of lung water from the
lungs of the nearly mature animals; no such effect was
seen in the immature animals {in which the sodium
channels probably were poorly developed). Surfactant
increased the compliance of the immature lungs (again
an expected finding), but had no influence on lung water
contenf. These data together argue against a role of
surfactant in the transepithelial clearance of lung liquid
at birth,

NEONATAL DISEASES RELATED TO
SURFACTANT DYSFUNCTION

RDS [Chapter 19)

Pool sizes of alveolar surfactant lipids in a preterm baby
with RDS are only about 10 mg/kg,"’ and the situation is
further complicated by structural immaturity, delayed
postnatal resorption of fetal lung liquid,”! epithelial dis-
ruption with a leakage of plasma proteins into the air-
spaces and inactivation of surfactant leading to a vicious
cycle, The clinical condition may require artificial venti-
lation unless the defective supply of surfactant is com-
pensated for by continuous positive airways pressure
and/or administration of exogenous surfactant. Babies
with RDS show different allelic profiles in the locus for
SP-A on chromosome 10 compared to healthy subjects
but the significance of this finding rernains to be defined.?

Surfactant proteln deﬁcnency

Pathcphysiological aspects of SP-I deficiency have been
discussed above. In human babies, this condition is usu-
ally caused by a frameshift imutation on chromosome 2,
leading to premature stop in the tranglation of proSP-3
and complete absence of mature SP-B in the airspaces.”*
As in 5P-B knockout mice, there is a defective proteolytic

processing of proSP-C, leading to reduced levels of SP—(():ZO

and accumulation of a processing intermediate in the
airspaces.!?® A genetic defect in proSP-C that leads to sig-
nificantly reduced amounts of mature SP-C and possibly
aggregation of variant forms of proSP-C has recently
been detected in association with familial interstitial lung
disease.” Moreover, reduced levels of SP-C are associated
with acute lung injury in Belgian White and Blue calves.”
No clinical association between alveolar lipoproteinosis
and 3P-D deficiency has been reported, but the histopatho-
logical appearance of the lungs of SP-D—/— mice”?
suggests that similar pathogenic mechanisms might be
involved in the knockout model and the human disease.

Meconium aspiration syndrome
(Chapter 23)

[nactivation of surfactant is an important element in the
pathophysiology of inflammmatory lung disease such as
meconium aspiration syndrome (MAS),2M! bacterial
and viral pneurmnonia, and the ‘adult’ form of acute respi-
ratory distress syndrome — a disease that may occur also
in newborn babies.”” In MAS the aspirated material is in
itself a potent inactivator of surfactant and the disease is
further complicated by physical airway obstruction. Large
doses of exogenous surfactant may be required to coun-
terbalance surfactant inactivation,®* and removal of aspi-
rated material by airway lavage with diluted surfactant
may potentiate the therapeutic effect of exogenous surfac-
tant in MAS.% It also seems possible to increase the resist-
ance to inactivation by adding non-ionic polymers {e.g.
dextran, polyethylene glycol) to the exogenous surfactant
{for review see reference 115). Spiking’ surfactant with
SP-A has also been considered for the same purpose,'®!!?
but may be problematic since addition of SP-A to recom-
binant SP-C surfactant attracts granulocytes and stimu-
lates the release of pro-inflammatory cytokines when
instilled into the airways of ventilated preterm lambs.*

Future applu:atmns

Current efforts in surfactant research will widen the indi-
cations for surfactant therapy and lead to the develop-
ment of a new generation of surfactant substitutes. These
new preparations mimic the organic solvent extract sur-
factants from animals in that they contain only analogs
of the native hydrophobic proteins mixed with DPPC,
PG and other well-defined lipids.'® It should be possible
to tailor specific surfactants to fit the requirements of
babies with dilferent forms of lung disease. For example,
resistance to inactivation by meconium varies between
different surfactants and should be maximized in surfac-
tants designed for use in MAS, and bacteriostatic effects
may be important in babies with bacterial pneumonia,
initially mnasquerading as RDS. Interaction with bacteria
differ between surfactants® and may be related to the
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presence of antibacterial peptides such as prophenin
which has been isolated from modified porcine surfac-
tant.'”™ Curosurf, which contains about 0.1 mg/ml of
prophenin, is bacteriostatic to group B streptococci, an
important pathogen causing severe lung disease in the
neonatal period. No such bacteriostatic effect was demon-
strated for the modified bovine surfactant Survanta
(Abbott, North Chicago, IL), which instead stimulated
the proliferation of Escherichia coli under the same i vitro
conditions {culturing in nutrient-free media).”®

In general, understanding of the basic physiology of
puimonary surfactant at birth and later in life is a pre-
requisite for rational design of surfactant substitutes for
clinical use. The hydrophobic protein components of
artificial surfactants do not have to be structurally simi-
lar to the native SP-B and/or SP-C, although proper
z-helical folding of the SP-C analog seems to be essen-
tial. Two synthetic surfactants based on the 21-residue
artificial polypeptide KL4,"” or modified recombinant
SP-C,* have recently been evaluated in clinical trials for
treatment of neonatal and adult (acute) RDS respec-
tively, but final results are not yet available.
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As pregnancy advances, the fetal lung faces a vital and an
increasingly pressing problem. At the end of gestation it
has to be able to adapt to air breathing within a few min-
utes of birth or the infant dies. Yet the lung has to develop
and grow in a liquid environment right up to the point
of delivery. All mammals, birds and reptiles are faced
with the same problem — they all have to take a first breath
and clear their lungs of liquid to establish adequate pul-
monary gas exchange, This chapter deals with some of
the physiological processes that enable the Jung to make
this dramatic and life-dependent adaptation at birth,

LUNG GROWTH AND FETAL LUNG LIQUID

The lung needs to be of adequate size and of sufficient
histological and structural maturity at term to sustain
independent gas exchange. It forms initially from an out-
growth of the foregut and even in the earliest sections the
little pouch has a lumen that is liquid filled. The epithe-
lium, which creates the wall of the outgrowth, invades
the surrounding mesoderm and the cross-talk between
the mesoderm and the epithelium determines the place
and rate of epithelial growth in three-dimensional space,
Growth continues from what is assumed to be a nidus of
cells {the capital cells) at the end of each blind sac right
through gestation and, indeed, until body growth ceases
in adolescence (Chapter 1).

Epithelial permeability

The fetal lung epithelium secretes liquid of unique com-
position from as early in gestation as it has been possible
to measure’ (Table 3.1). Like all secretory epithelia, back-

Table 3.1 Selected solute composition of fetal lung
liguid, fetaf plasma and amniotic fluid in the sheep

" Na* K*. O~ HCO3 Protein
Plasma 150 4.8 107 24 4.09
Lung liquid 150 63 157 2.8  0.03
Amniotic liquid 113 7.6 87 19 0.10

Units are mM/kg water except for protein which is in g/dl. Note
that lung liguid cannot be formed by mixing plasma and
amniotic liquid. Data from Adamson et af.’

or at least retarded, otherwise the secretion is ‘short cir-
cuited’ and ineffective. The developing lung is no excep-
tion and throughout gestation and into postnatal life,
the pulmonary epithelium is the major barrier to solute
diffusion between the lung lumen and the blood space.
Functionally, it behaves as if it contains smail pores of
only 0.65 nanometres (nm} in radius. For comparison,
the effective molecular radius of sucrose is 0.51 nm, of
inulin is 1.39 nm and of albumin is 3.5 nm and a red cell
is 7000nm in diameter. The consequence is that mol-
ecules even of the size of sucrose are severely restricted
in their diffusion across the pulmonary epithelium. The
pulmonary endothelium is very leaky in comparison,
effectively containing pores of 11-15 nm.>

Secretory and other transport mechanisms

The secretory force underlying fetal lung liquid secretion
is the secondary active transport of chloride ions from
the iuterstitial space into the lung lumen. There is no
evidence that cystic fibrosis transmembrane regulator
(CFTR) is involved in this process. Sodium ions and
water follow passively, probably via a paracellular route,

diffusion of the transported molecules must be preventdd26 down electrical and osmotic gradients. This important



characteristic of the fetal lung was discovered by compar-
ing the experimentally measured rates of one-way fluxes
of various ionic species across the epithelium with those
predicted from measurement of the passive forces acting
on those ions. The predicted passive fluxes were calcu-
lated from the Ussing Flux Ratio equation — the relevant
forces being chemical activity {concentration) gradient
and electrical potential difference across the epithelium.
The lumen of the fetal lung is always negative compared
to interstitiumn by about 5 mV. Olver and Strang”® demon-
strated that chioride ions were transported ‘uphill’, against
the passive forces, into the lung lumen, whereas sodium
was passively distributed, Subsequently, the presence of a
NafK:2Cl co-transporter on the basolateral aspect of the
epithelium was demonstrated by inhibition of secretion by
loop diuretics, frusemide and burnetanide.*”¥* The gradi-
ent across the fetal epithelium for hydrogen ion (lurnen
acid) increases with gestation and is about 1pH unit
at term.” The active process responsible (still unknown)
persists into the postnatal lung.*® Transport of glucose
out of the lung by a sodium-glucose co-transporter in
both fetuses and postuatal animals keeps the lumen free
of glucose — an important feature discouraging infec-
tion.»'%% [ iquid can be moved out of the lung lumen by
this means but it is difficult to estimate its relevance when
lung liquid normally contains no glucose.

Fetal lung liquid secretion, lung growth
and fetal breathing movements

Rates of fetal lung liquid secretion can be remarkable:
term animals can secrete up to 5 mi/kg body weight which,
if extrapolated t¢ humans, means the average baby at
term weighing 3.5kg produces about 18ml/h or over
400 ml/day.'® The liquid flows upwards out of the larynx
either to be swallowed or to pass out into the amniotic cav-
ity. The contribution of fetal lung liquid to daily turnover of
amniotic liquid is about one-third to one-half. The fast rate
of lung liquid production is important because as it meets
resistance to flow in the upper airway, it generates a pres-
sure of a centimetre or $0 of water in the lumen of the lung
in excess of that in the amniotic cavity. This small pressure
seerns to be vital for lung growth for if it is abolished in any
way, hypoplastic lungs result. The hquid distributes the
small distending pressure all over the lung internal sur-
face and it seems that this is a stimulus for growth. If the
lung liquid volume is artificially reduced over several
days, lung growth slows, but if liquid volume is increased,
the lungs grow more.*® For example, if a tracheotomy-type
fistula is made during fetal life which abolishes the pressure
drop between lumeun and amniotic cavity, the lungs do
not grow.»** Furthermore, displacement of lung liquid by
bowel in the pleural space as occurs in diaphragmatic
hernia, whether naturally or experimentally produced, also
impedes lung growth *%5

Labor, birth and lung liquid 27

The effect of fetal breathing movements (FEM) on
lung growth is not easily explained. No liquid is drawn
into the lung from the amuiotic fiuid during each fetal
‘breath’: the ‘tidal volumes’ are much less than the anatom-
ical dead space because the resistance to flow of lquid is
so high compared to gas.>” Nevertheless, the background
net flow of liquid out of the lung is greater during episodes
of fetal breathing than during apnea, because the larynx
is more relaxed and thus provides less resistance to liquid
outflow.”** Paradoxically, maneuvers which abolish
FBM (phrenic nerve ablation, high cervical transection,
tetrodotoxin exposure) result in lung hypoplasia, an effect
explained, at least in one theory, by prolonged abolition
of diaphragmatic contraction allowing unopposed lung
tissue recoil to stowly reduce lung liquid volume.*® Thus,
fetal lung liquid can be regarded as a malleable internal
dynamic template which stimulates lung growth and
around which the fetal lung develops,

Experiments on reversing hypoplastic lungs in animal
models in which the outflow of the lung is temporarily
blocked to stimulate lung growth have produced complex
results, The lungs are abnormal after these interventions,
although they may be the correct size and initially appear
to function normally. [t appears as if surfactant production
is depressed but lung tissue compliance is increased by
changes in collagen and elastic tissue content and altered
alveolar structure.?55%0 This has potentially serious long-
term implications for infants born after such fetal surgery
{p. 491). The long-term clinical outcome of such experi-
mental intervention is unknown, as the numbers per-
formed so far are tiny and follow-up is short. It inust be
remembered, however, that the underlying condition is
often fatal and the temptation to intervene surgically can
be great.

LABOR, BIRTH AND LUNG LIQUID

Newborn infants do not secrete lung liquid, although
sometimes at the resuscitation of a baby born by elective
cesarean section, one would be forgiven for thinking other-
wise. Something, therefore, has to stop the secretion.
Almost all cur understanding of this process comes from
animal work on several different species and it is assumed

‘that humans are no different. Indeed, what observational

and anecdotal evidence that does exist in humans sup-
ports the assumption that the same processes apply across
the animal kingdom.

Lung liquid absorption

Experiments in fetal lambs (the preferred species for such
studies for many reasons including size, convenience and

027similar lung pathclogy to humans) demonstrated that
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during early labor, fetal lung liquid secretion slowed and
by late labor it sometimes stopped altogether. By the time
the fetus was proceeding down the birth canal, the liquid
in the lung was being absorbed by the lung epithelium.
The conditions of the experiments were such that, once
born, the fetus was maintained as a fetus with an intact
placental circulation and not breathing so that observa-
tions of lung liquid volume could continue for a variable
time after birth. The robust sheep placental circulation is
another characteristic of the species that was vital to these
experiments. Lung liquid was absorbed at very rapid rates
after birth, sufficiently fast to clear the lung lumen of
liquid completely within 1-3 hours®® (Figure 3.1).

140 days

~&— Hody out

250

, —— Feet out
i a— Head out

»

200

J
i
=
=1

L
]

150} o

Lung liguid volume (ml)
0° °

]
[
|
=
-

|
Plasma epinephrine {ng/mi}

Lol 1 et 1% 1% g
700 600 500 400 300 200 100 0 100
Minutes before delivery

e
=
=

After delivery

Figure 3.1 This is o dramatic example of the reversal af
fetal {ung liquid formation at the time of birth. Lung liquid
volume i5 on the y-axis and time on the x-axis. Zero time is
at delivery of the fetus. Fetal lung liguid volume §s
measured by the indicator dilution technique in a
chronically catheterized fetal famb preparation and each
point is calculated from one sample of lung liguid. A
positive sfope (increasing volume) indicates secretion and a
negative stope, absorption of lung liquid. In this particufar
case, secretion continued until birth was imminent. After
birth, the fetus was kept os an exteriorized fetus with an
imtact umbilical circulation. The decline in lung liquid
volume indicates absorption across the pulmonary
epithelitim. The constraints of the experiment were such
that the liquid could not be forced up through the tarynx
but could only diminish in volume by being absorbed
across the pulmonary epithelium. The reversal of flow
coincides with a rise in fetal epinephrine concentration of
over 50-fold (note the log scale for epinephrine). A further
series of experiments was able to demenstrate that the
absorption of lung liguid could be accounted for totally by
the rise in fetal epinephrine concentration. Dato from
Brawn et al.*
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Several studies have explored where the liquid goes.
Newborn rabbit pups were humanely killed at various
times around delivery and their lungs were rapidly frozen.
Low-power sections of the frozen Jungs showed that liquid
quickly accumulated in the interstitial and perivascular
spaces after birth and that the volume of the interstitial
space was maximal at about 1 hour." The liquid is cleared
more slowly thereafter by the lung lymphatics and via the
circulation, so that by 6 hours all liquid has been removed
from the lung,'** Hydrostatic pressure in the interstitial
space rises from near zero before air breathing to a max-
imum of +6 cmH,0 at 1-3 hours before falling to below
atmospheric pressure at 6 hours after birth where it stays
throughout life, unless pathology intervenes,

These observations indicate that at birth a force is at
work sufficiently powerful to clear the lungs rapidly of
liquid against a hydrostatic pressure of at least 6 cmH,O.

There is an enormous cutpouring of fetal catecholamines
during the process of birth (Figure 3.1 and Table 3.2},
Several series of experiments proved that epinephrine was
the agent responsible for liquid absorption during labor
and that its rise in concentration was not merely a tempor-
ally associated phenomenon.'® Dose-response curves cor-
relating fetat blood epinephrine concentrations to rates of
lung liquid secretion or absorption from experiments in
fetuses not undergoing labor demonstrated that all the
absorption cbserved in labor could be accounted for by
the spontaneous, endogenously derived, rise in fetal blood
epinephrine, which occurs as a response to the stress of
being born. Epinephrine is cleared from fetal blood by the
placenta — wmnbilical arterial levels are always higher than
umbilical venous samples so the source of epinephrine
is fetal, not maternal. Other experiments demonstrated

Tahle 3.2 Pooled data from fefal sheep undergoing tabor
and delivery to demonstrate the timing of the onset of
fung liquid absorption and the rise in fetal plasma
catecholamines

Minutes
after
Minutes before delivery delivery
900-150 150-50 50-0 0-50
J, (mihy 7.1 -22  -152 -287
Epinephrine
{ng/mh 0.05 0.52 6.82 7.17
Norepinephrine
(ng/ml) 1.71 3.81 12.14 9.10

1, is secretion or absorption rate, the latter indicated by a

negative sign. Time zero is time of delivery. Data adapted from
Brown et al'®
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that the effect of epinephrine was mediated through
B-adrenergic receptors since o-adrenergic agents had
only a small effect on lung liquid secretion and the effect
of epinephrine could be blocked by propranolol.”

The mature fetal lung is very sensitive to epinephrine
and blood concentrations required to jnst stop secretion
in the sheep fetus are very low, indeed so low that similar
values are difficult to achieve in postnatal life. Concentra-
tions of epinephrine and norepinephrine have been mea-
sured in samples of scalp blood in babies undergoing
normal labor and in cord blood of those born by cesarean
section (Table 3.3).%% Catecholamines seem to rise earlier
iu humans than in sheep and even in early labor epi-
nephrine concentrations are in excess of those required
t0 stop secretion in fetal sheep and would be sufficient to
cause rapid lung liquid absorption. The different shapes
of the fetuses in the two species and differences in their
presenting parts may explain the difference in timing.
Lambs ‘dive’ out, feet first, and the widest diameter pres-
ented to the birth canal is the shoulder width. In humans,
the head is the widest part and engages early. Consequently,
epinephrine concentrations in human fetuses are much
higher and high levels are present for longer than in
sheep, suggesting that infants should have cleared their
lung lumens of liguid well before they take their first
breath. Infants born by cesarean section can have high epi-
nephrine concentrations in cord blood also, but it should
be noted that in elective cesarean sections, the epineph-
rine concentration has been elevated probably for only a
brief time, a minute or two ~ insufficient time for the epi-
nephrine to have had a chance to clear much liquid froin
the lung lumen. It is known that infants born by elective
cesarean section have a higher incidence of lung disease,
including transient tachypnea, than those born vaginaily
or by emergency cesarean section®® (p. 273) and that lung
function measurernents in the first few hours after birth
correlate with route of delivery and with catecholamine
concentration. Generally, the more exposure to labor
and the higher the catecholamines, the hetter the lung
function.!

Tahle 3.3 Catecholamine concentrations in human fetal
blaod during and after birth

Epinephrine Norepinephrine

{ng/ml} {ng/ml)

Cervix dilation

3-5cm 0.37 1.21
6-8cm 0.49 1.76
9-10cm 1.03 2.91
Cord {arterial} 1.60 10.56
Breech cord (arterial) 2.57 24.00
12 h postpartum (arterial) 0.41 0.79

In the sheep fetus, the concentration of epinephrine needed to
stop lung liguid secretion is only 6.029 ng/ml."3 Data in the
table are derived from Lagercraniz et gl ™

Mechanism of absorption

Amiloride, a diuretic, placed in the fetal lung lumen com-
pletely inhibits the action of epinephrine infused into
fetuses not undergoing labor {Figure 3.2} and also blocks
the absorption of lung liquid at birth.*"*® Amiloride blocks
sodium channels but specifically the epithelial sodium
channel (ENaC). Fetal lung liquid absorption induced by
epinephrine and labor is mediated by the activation or
opening of sodium channels on the apical surface of the
pulinonary epithelium (Figure 3.3). Subsequently, ENaC
was cloned and final vindication of the proposed mech-
anism of lung liquid absorption was demonstrated in
‘knockout’ mice experiments.*® Mice, bred to be homozy-
gous for the null condition of the gene coding for one of
the protein subunits of the channel (the alpha subunit},

138/139 days
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Figure 3.2 Two experiments performed on consecutive days
showing the effect of epinephrine fadrenaline} in producing
absorption of lung liquid in a mature fetal lamb and the
inhibitary effect of amiloride on the epinephrine actian.
Lung Hiquid volume was measured with an impermeant
tracer technigue and each point is calculated fram one
sample. The lines are the calculated regression fines and
their sfopes {),} give secretion (positive vaiues) or absarption
rates (negative values), which are given below each slope in
mi/h. (a) Epinephrine was infused at 0.5 pg/min Jor 3 hours.
its effect of producing absarption was rapid and increased
by the second hour bul then stabilized. (b} Epinephrine was
infused as on the previous day but amiloride was added to
the fung liquid at the times indicated by the arrows io give
concentrations of 2 X 1075 M and 2 X 1077 M. The fatter
concentration af amiloride effectively totally blocked the
action of epinephrine. From similar experiments the K; of
amiloride in this system was determined fo be 4 X 1075 M.
Data from Olver et al 8
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all die shorty after birth from respiratory failure. The lungs
of these mice remain liquid filled 12 hours after birth
(Figure 3.4).

Analogs of cAMP (cyclic adenosine monophosphate)
have been shown to have very similar effects to those of epi-
nephrine on fetal lungs, which is not surprising since the
intracellular mediator of B-adrenergic receptors is usually
¢AMP.” The latter compound is believed to work through
protein kinase A (PKA) and it is noteworthy that ENaC has
PKA-binding sites in its sequence and is activated by serine
proteases of which PKA is one. Confirming this theoretical
sequence for the activation mechanism in the whole lung
rather than in cells has not been completed, although the
[-adrenergic receptor and cAMP steps seem certain.

It should be stated that the cells responsible for fetal
lung liquid secretion have not been identified. Isolated
cells used for experiments are usually distal epithelial
cells and type 1 pneumocytes. They are able to absorb
sodivm and liquid but they seem unable to mimic the
secretion seen in the whole fetal lung even when they are
of fetal origin. It is not known whether the cells which

Secretion { -
L Na™/K™
- " -
Lumen B
2K*
3Na”t

secrete liquid in the fetus are the same ones which trans-
form into absorptive ones under the action of epinephrine
ot whether completely different cell types are responsible.
It is noteworthy that both the secretory and absorptive
processes are driven by Na/K ATPase on the basolateral
surface of the epithelial cells,

Maturation of the response to epinephrine:
thyroid hormones and cortisol

The response of the fetal lung to epinephrine is very
dependent on fetal maturity. Gestation in the sheep is
147 days and epinephrine produces lung liquid absorp-
tion only after about 130 days; before that time it only
slows secretion and in very immature fetuses (<125 days)
it does little to lung liquid formation.'>’! Many hormones
rise or fall over the latter part of gestation but, since it
was already known that thyroid hormenes and cortisol
had maturing effects on lung histology, these hormones
were studied first.% The concentrations of both hormones

Absorption -

MNa*/K™*

Lumen

3Nat

Figure 3.3 A diagram representing some of the secretory and absorptive mechanisms acting across the epithelium of the
fung. Secretion predaminates in the fetus. Chloride ions enter the epithelial cell on the basolateral surface by Na/K:2C!
co-transport which can be inhibited by bumetanide and frusemide. The driving force for entry is the Na* gradient generated
by Na/K ATPase focated on the basoloteral surfoce of the cells. The U™ then passes through a Ci~ channel in the apical
membrane of the ceill down a large electrical gradient. Sodium ions and water follow passively through paraceliular routes.
The asmotic farce underlying secretion is thus the secondary active movement of chioride ions from the interstitium inta the
fumen. Absarption predominates in the postnatal, air-breathing lung. At birth epinephrine stimufates B-adrenergic receptors
which generate intracelfular cAMP which in turn activates Na sodium channels (ENaC) in the apical membrane. cAMP
normaliy produces its effects via protein kinase A, a serine protease which is known to activate ENaC channels. Sodium ions
enter the cef! thraugh the activated or opened channels down a steep electrochemical gradient and then they are rapidly
extruded by Na/K ATPase into the interstitium. Water and other jons fallow passively and any remaining (I~ secretion is
presumably overwhelmed. Not shown are other factors which may aid lung liguid absorption. Cyclic AMP is aisa generated by
ADH (arginine vasopressin) acting on ¥V, receptors and also by glicagon; the concentration of both these hormanes rise in
fetal blood during birth. ENaC can be stimulated directly by apical G-proteins and fatty acids. Lung expansion can stimulate
ENaC by stretch. Somatostatin might inhibit the chioride channels during birth. Factors whose roles and mechanisms are
even less well defined include atrial natriuretic factor, depamine, serotonin and nitric oxide/cGMP. 12222325 (NG 1 channels
can act os sodium channels but they appear in the fung epithelium in postnatal life. Sedium—glucose co-transport, which is
certainly present in the feial fung, is not shown becquse its role in the net movement of fiquid out of the lung under

physiological conditions has not been established.
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Figure 3.4 Data showing the central rale of the epitheligl
sodium chonnel (ENaC} to degrance af tung liquid at birth
and to survival. Upper panel: survival of newborn mice
barn to parents who are heterozygotes for non-functioning
ENaC. Offspring with normal ENaC {+/4) and heterozygotes
for ENaC {+/—) have normal survival. Thase who are
homozygous for the ron-functioning a-subunit of ENaC
(—/—} all die by 40 hours of age. Lower panel: Wel:dry
weight ratios of the fungs of a subgroup of a similar
population of affspring shown in the upper panel sacrificed
at various times after birth. Newborn mice with non-
functioning ENaC {triangles] cannot clear their lung liquid
and die a respiratory death while those with functioning
ENaC, narmai (+/+) and heterazygotes (+/—) clear their
tungs of liquid normally. Figures from Hummler et 2l.%?

in fetal blood rise in late gestation at the time that the
epinephrine effect appears. Thyroidectomy in immature
fetuses prevents the fetal lung from developing a response
to epinephrine (Figure 3.5) but replacing thyroid hor-
mone by infusions of T4 or T3 in thyroidectomized
fetuses allows normal maturation to take place.>” These
observations seemed to prove the central role of thyroid
hormone in maturing this mechanism. Maturity, how-
ever, could not be accelerated by administering thyroid
hormone early — indicating that some other factor was
controlling the action of T3 on the lung. This factor
turned out to be cortisol, which rose towards the end of
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Figure 3.5 Data shawing the effect of fetal thyroidectomy on
the development of the response of the fetal lung to infused
epinephrine in sheep. Lung liguid secretion or absorption
rates obtoined from megsurement over an hour are plotted
on the y-axis; values above the dotied fine indicate secretion,
values below, absorption. Gestation is on the x-axis! term in
sheep is 147 days. Circles are resting secretion rate and
triangles the secretion or absorption rate in the presence of @
standord infusion of epinephrine (0.5 ug/min) given to each
Tetus on each occasion. Vertical lines join the pairs of
ghservations from one experiment, i.e. control {resting)
secretion rate and the response to epinephrine. Upper panel:
normal devefopment of the epinephrine response in a group
of fetuses. Note the smalf effect of epinephrine early in
gestotion but the universal absorption after about 137 days.
Lower panel: thyroidectomy before 120 days of gestation
abolishes the development of the response to epinephrine in
the fatter part of gestation. Other experiments demonstrated
that the response to epinephrine would develop in
thyroidectomized fetuses if thyroid hormone was infused
from shortly after removal of the thyroid gland. Data from
experiments described in Barker et al.>

gestation from endogenous sources. Both hormones are
necessary for maturation of the normal response of the
fetal lung to epinephrine (Table 3.4).%

The effect of the endogenous hormones, T3 and corti-
sol, on the fetal lung is reversibie in less than 24 hours and
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Tahle 3.4 The synergistic effect of T3 and cortisol in
maturing the epinephrine response on fetal lung liquid

116 days 119 days

I\!’C Jve IVC Ive
T3 group 7.2 4.0 9.2 5.9
Cortisol group 6.0 4.8 9.8 5.9
T3 and cortisol 4.6 2.8 6.6 —-12.3

Al values are ml/min. The negative value indicates absorption.
Three sheep fetuses in each of the above groups {9 fetuses in
total) were surgically prepared with indwelling catheters early in
gestation. At 116 days resting lung liguid secretion rate was
measured by the impermeant tracer technique over one hour.
Epinephrine was then infused for one hour at 0.5 pgfmin and
secretion rate measured once more. After the experiment at

116 days, each fetus was infused with one of three possible
solutions: {1) T3 at 30 pgfday; (2) cortisol at 18 meg/day; or (3) T3
and cortisol at the same doses together for 3 days. Resting
{tontrol) secretion rate (1,.) and secretion rate during epinephrine
infusion {},.] were measured once mare. Each value in the table
is the mean of 3 experimenis (animals). Only when both
hormones had been infused tozether did epinephirine produce
absorption of lung liguid, demonstrating the synergistic effect of
these two hormones. Data adapted from Barker et af®

this s an important point to remember if they are used
clinically.® Their onset of action is fast. Specific experi-
ments to test the timing exactly showed that infusions of
both hormones together (and they are effective only
together, that 1s, their action is synergistic) allowed the
epinephrine effect to mature within 2-4 hours, even in
extremely immature fetuses (Figure 3.6). Protein synthe-
sis inhibitors can block this maturing action.® Analogs of
cAMP mimic the epinephrine effect even to the extent of
also being absolutely dependent on the maturation of the
fetal lung by thyroid hormone and cortisol.>’? The latter
finding indicates that the hormones, thyroid and cortisol,
produce their maturational effect af a rate-limiting point
in the epithelial cell which is ‘distal’ to the production of
cAMP and not by any effect on the 3-adrenergic receptor.
The rate-limiting step could be an expression of ENaC
itself and there is evidence for this,*>®® but it could still be
up-regulation of one or more of a multitude of other regu-
latory proteins involved in ENaC function or activation,
Since thyroid hormones do not cross the placenta to
any measurable extent, artificially elevating the blood
levels of thyroid hormones in the human fetus is difficult
in comparison 1o treating the fetus with glucocorticoids.
Thyrotropin-releasing hormone (TRH) is one interven-
tion that has been used, since it crosses the placenta and
increases, at least temporarily, blocd levels of fetal thy-
roid hormones. It must be remembered, however, that
the effects of thyroid hormones on the fetal lung are
reversible within 24 hours,? that the fetus has metabolic
pathways to protect itself from elevated thyroid hormone
levels,?™ and that the fetal hypothalamic/pituitary/
thyroid axis may become exhausted by over-stimulation.
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Figure 3.6 Demonstration of the speed of action of
trifodothyronine and cortisol in maturing the epinephrine
response. Experiments were performed on consecutive days
in an immature chronicolly catheterized sheep fetus of
116/117 days of gestation. Lung liguid volume was
determined by the impermeant tracer technique. Each
volume point is calculated from one sample and plotted an
the y-axis. Experimental time is on the x-axis. Increasing
fung liquid volume indicates secretion and declining volume,
absorption. Regression fines have not been drawn. Upper
panel: an i.v. infusion of epinephrine ot 0.5 pg/min for

5 hours hod a smoll effect on resting fung figuid secretion
but absorption was not produced, Lower ponel: the
experiment was repeoted on the foitawing day but on this
eccasion 30 ug of Ty and 2 mg of cortisol were injected ot
the start of the epinephrine (adrenaline) infusion. Cortisol
was olso infused at a rate of 10 mg/doy ofter the initial
botus. Cessation of o liquid secretion occurred during the
third hour and absorption began in the fourth hour. The
starting secretion rate was about 4 mifh and the finat
absarption rate was —5mi/h. Infusions of epinephrine alone
on consecutive days would not praduce an enhanced
response fike this on the second expasure. Administrotion of
T3 or cortisol alone would not have resulted in an absarptive
response to epinephrine. Data from Borker et al.?

Some of these possibilities might explain the disappoint-
ing, and some claim deleterious, effects seen in some clin-
ical trials of TRH, particularly in babies born 48 hours or
wnore after TRH administration (p. 257).%

Infants born prematurely have not been exposed to
the maturing effects of slowly rising thyroid hormone
and cortisol levels in the latier part of gestation, so their
lungs are in no state to respond to epinephrine even if
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it is secreted in sufficient quantities, Thyroid hormone
concentrations in the blood of premature infants are very
low, the normal postnatal surge does not occur and blood
concentrations remain low for weeks postnatally.'' Low
thyroid hormone levels are correlated with poor clinical
outcome, but a causal relationship between thyroid hor-
mone concentrafions and respiratory morbidity has not
been proven yet.

OXYGEN

From experiments on whole fetal/newborn animals as
well as on isclated fetal distal lung epithelial (FDLE) cells,
there is no doubt that exposure to postnatal oxygen ten-
sions (tensions greater than 100mmHg compared to
20 mmHg in the fetus) increases sodium transport across
the pulmonary epithelium and also stimulates expression
of the a-ENaC subunit.>*%%%% Interestingly, these two
effects are temporally dissociated with functional changes
in sodium transport occurring before the increases in
transcription are observed at 2448 hours. The transcrip-
tional effects appear to be mediated via NFxB, which has
been described in other systems as an oxygen-sensitive
regulator of gene expression.’® The presence of hor-
mones, thyroid and cortisol, to prime the tissue are not
essential for the oxygen effect on isolated FDLE cells, but
this does not seem to be the case in the whole lung in
newborn animals.”

Oxygen does not have an effect on transcription rates
of the B- and y-ENaC subunits but they appear not to be
necessary for producing effective sodium-conducting chan-
nels. Expression of the B- and -y-subunits increases slowly
from late In gestation and into postnatal life without
birth seeming to affect thein, whereas the a-ENaC subunit
expression falls following the surge associated with birth.?

Birth up-regulates the activity of Na-K ATPase, the
sodium pump on the basolateral surface of the epiihe-
lium;'? this may be due to exposure to postnatal oxygen
tensions.!*® This could explain the increased sodium
conductance of FDLE cells after oxygen exposure, but
cannot explain on its own the reversal of net liquid move-
ment seen at birth since the crucial and rate-limiting step
for absorption of lung liquid is activation of apical sodium
channels.

The effect of oxygen on lung liquid absorption obvi-
ously occurs too late to prepare the lung for air breathing,
but the effect it has on increasing sodium conductance
could be of benefit in increasing liquid clearance from
the lung lumen in the few hours after birth. Whether
the increased amount of ENaC protein present in the lung
after birth, on its own, is sufficient to explain the continued
and persisting absorption of liquid out of the lumen which
characterizes the air-filled lung until death, is a moot point.
There are sufficient sodium channels present in the mature

fetal lung to clear all the liquid that is present, but they
need to be activated. It is likely, therefore, that intracellular
mechanisms which activate the sodium channel perma-
nently need to be present in the postnatal lung in addition
to adequate numbers of sodium channels; these mecha-
nisms remain to be discovered. The effect of oxygen on the
sodium transport system in the iimmature lung remains
unexplored.

OTHER STIMULI AND MECHANISMS OF
ABSORPTION

ADH
ADH or arginine vasopressin rises markedly at delivery,
which is not surprising since it is one of the ‘stress hor-
mones. Like B-adrenergic stimulation its intracellular
messenger is cAMP and it, too, has been shown to slow
fetal lung liquid secretion independently, although its
action does not appear to be as strong as that of epineph-
rine, Its action also is matured by thyroid hormone and
cortisol, which suggests a common intracellular pathway
for epinephrine and ADH, which is probably the produc-
tion of intracellular cAMP.'#1870

Stretch

Stretch of the epithelium appears to increase lung liquid
absorption in at least three ways. It was shown decades
ago that air breathing causes a ternporary and seemingly
well controlled increase in the permeability of the mature
lung epitheliumn, thus short-circuiting any secretory ion
transport. The increase in permeability lasts for about
12 hours, after which there is reversion towards the low
permeability that characterizes the fetal lung epithelium.*®
The interaction of this process with sodium absorption is
unknown. Stretch of the immature, surfactant-deficient,
epithelium merely causes damage and leakage. Stretch,
even by liquid in the mature fetal lung, also recruits ENaC
to the apical surface of the epithelial cells as shown by
the biocking of the absorption induced by stretch by
amiloride.”® Distension of the fetal lung, well within physio-
logical limits, releases a diffusible substance as yet identi-
fied which inhibits chloride ion secretion rather than
stimulating sodium absorption. It is neither somatostatin
{see below) nor a catecholamine.®®!

Somatostatin and glucagon

Two other hormones, somatostatin and glucagon, have
been shown fo affect fetal lung liquid formation n the
guinea pig. Somatostatin slows secretion and glucagon
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can induce absorption. Both hormones rise in concen-
trafion in blood at birth, but the development of their
responses during gestation has not been studied.*>®!

Other factors

Modulation of ion transport locally has been described
for faity acids, purinergic agonists and by agenis binding
directly to G-proteins on the apical surface of epithelial
cells.**%7 Factors whose roles and mechanisms are
even less well defined include atrial natriuretic factor,
dopamine, serotonin and nitric oxide/cGMP (cyclic
guanosine monophosphate).'®***»% The physiological
role of these mechanisms in lung liquid movement, if
any, during feral life or at birth has not been defined.

POSTNATAL MATURATION

The postnatal lung is capable of absorbing large amounts
of sodium and liquid throughout life if they are presented
to it.7% Normally there is obviously little net move-
ment of liquid across the postnatal pulmonary epithelium,
but this mechanism, which develops in late gestation and
is activated during labor, is essential for maintaining the
relatively liquid-free lung lumen necessary for normal
breathing. The volume of postnatal lung liquid is about
0.34 ml/kg body weight, which is one-hundredth of that
in the fetus. It is spread very thinly over the internal sur-
face of the lung and has an average thickness of only
0.15 pm. In an average adult human, its volume is only
about 20-25 ml in total.®” In adult animals the absorptive
mechanism can continue to remove liquid until it con-
centrates protein in the lumen of the lung to generate an
oncotic pressure of at least 100 cmH,O resisting absorp-
tion.*” How the tiny volume of postnatal lung liquid is
produced and maintained in spite of this force is unknown.

It would be wrong to assume that lung physiological
development ceases at birth. Although the sensitivity of
the lung epithelium to epinephrine increases to a max-
imum at the end of gestation in sheep, after birth the
sensitivity wanes. In neconatal lambs, epinephrine is able
to increase the ability of the lung to absorb liquid above
the normal resting rate, but with increasing postnatal age
epinephrine has a declining effect. Equally, amiloride,
which in neonatal lambs produces secretion of lung
liquid, even in animals that have been breathing air for
up to 2 weeks, has less effect with age, so that after 6
weeks of age it cannot block lung liquid absorption.%®
This change may be explained by the appearance of
another channel, examined so far in sheep and in rats,
which allows the passage of sodium. It is a cyclic nucleotide
gated channel (probably CNG1), which is a non-selective
cation channel.**? Thus, in mature adult lungs both
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ENaC and CNG1 channels are present simultaneously
and both channels need to be blocked to prevent absorp-
tion of liquid from the lungs. Little work has been done
on CNG1 in humans, but it 1s present in human airway
epithelium {personal observaiion, E Baker). Iis func-
tional importance and postnatal ontogeny have not been
properly defined yet.

Some experiments have indicated that chloride ion
movement through CFTR is involved in absorbing liquid
from the postnatal lung lumen in lung edema, but
interestingly only that fraction which is stimulated by
B-adrenergic agents.”? How this mechanism interacts with
lung liquid sodium absorption and whether it changes
with development are unknown,

The results that underlie what has been described above
have come from a variety of experiments on whole animnals
(including humans}, isolated organs, isolated cells, pri-
mary cell cultures, immortal cell lines, membrane vesicles
and molecular biclogical analyses. Extrapolating results
frorn one to the other should be done cautiously. The ulti-
mate test is whether postulated mechanisms held in whole
animals where tissues and systems ave fully integrated,
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The chest wall and respiratory muscles 45

The hrst observation that the respiratory rhythm is
generated in the brainstem was made by Galen, who
abserved that gladiators injured below the neck con-
tinued to breathe. The existence of a ‘noeud vitale’ in the
medulla was proposed by Flourens in 1840. The conven-
tional view on the control of respiration is that a respiratory
rhythm is generated in a respiratory center in the brain-
stem and driven by caibon dioxide {CO,) and hypoxia.
This view is not entirely correct, particularly not in the
fetus and the neonate. Although there is a respivatory
rhythm generator in the medulla, respiration is governed
by a number of regulating mechanisms hierarchically
arranged fo generate respiratory activity and the magni-
tude and pattern of breathing movements in accordance
with metabolic and other demands.'®

Fetal breathing movements are driven by activity in the
reticular system during rapid eye movement (REM) sleep
rather than by CO,.*" Hypoxia inhibits breathing both in
the fetus and the preterm infant. Sucking, babbling, talk-
ing and singing override the CQ; drive, the autonomic
respiratory rhythm generator and pulmonary reflexes.
Although the respiratory rhythm generator is essential, the
magnitude of breathing is mainly controlled by behavior
during the awake state and by the reticular firing during
REM sleep. Thus only during quiet sleep is respiration
regular and mainly determined by the CC, drive.

The respiratory rhythm generator

(Figure 4.1)

A nunber of neurons in the cortex, amygdala and cere-
bellum ¢an fire in phase with respiratory movements. Only
one structure, however, can generate a respiratory rhythm
in vitro: the so-called pre-Bétzinger complex. Bilateral
destruction of this cell structure results in an ataxic
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breathing pattern with markedly altered blood gases
and pH, and pathological responses to challenges such as
hyperoxia, hypoxia and anesthesia.’” This loose complex
of respiratory neurons lies within the ventrolateral region

REM sleep

Behavios

£etal inhibition

Figure 4.1 Organization of the neuronal groups and
drive mechanisins controfling respiration. The (O, drive

is mediated by the central chemoreceptive area at the
ventral surface. The hypoxic drive is mediated via the
cranial nerves IX and X, which terminate at the dorsal
respiratory group (DRG). The respiratary rhythm generator
is assumed to be generated in the pre-Botringer complex
{Pre-Botz) of the ventral respiratory group (VRG).
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Figure 4.2 Brainstem—-spinal cord
preparation. Respiratory activity
can be recorded from the

C4/C5 ventral roots and
respiration-related activity from
respiratory-related neurons in an
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of the brainstem just caudal to the retrofacial nucleus
and is localized above the Botzinger complex, where the
respiratory rhythm was first assumed to be generated.
{Botzinger refers to a Rhine wine, which was consumed at
a respiratory meeting when these structures were discussed
in German!) This respiratory activity can be recorded in
isolated en Ploc brainstem—spinal cord preparations or
even in brain slices.* Respiratory activity can be moni-
tored at C4/C5 ventral roots, and respiration-related
activity in the ventrolateral medulla (VLM) using exira-
cellular, conventional whole-cell or perforated patch
clamp methods (Figure 4.2).

The respiratory rhythm has been assumed to be gen-
erated by pacemaker cells resembling those in the heart.
There is a class of glutaminergic neurons within the
pre-Bétzinger complex, which can generate this activity.
Glutamate seems to be essential for sharpening the central
pattern generator acting via a-amino-3-hydroxyl-5-
methyl-4-isoxazole-proprionate (AMPA) and N-methyl-
D-aspartate (NMDA} receptors. There are also
subpopulations of neurons expressing opioid and sub-
stance P receptors in these structures.’® Substance P is one
of the most abundant neuropeptides in the respiratory
kernels and it has been found to stimulate breathing. '™

The respiratory rhythm oscillates in three neural phases:
inspiration, post-inspiration and expiration.* The respira-
tory rhythm generator also produces sighs and gasps. All
these three patterns may involve the same neural circuits.
If slices are deprived of oxygen, the eupneic and sighing
patterns are abolished and gasping triggered. Thus sigh-
ing and gasping can be produced by simply altering the
cellular environment of the pre-Botzinger complex
i vitro and presumably also in vivo.”

Fetal breathing movements

A slow respiratory rhythm is present already at the E}6

level of development in the rat and inhibition of a3

S seconds

preparation. (From the academic
thesis by Eric Herlenius, 1999.)

activity by pontine structures evident at E18. The respira-
tory pattern recorded in the isolated brainstem becomes
mnore regular during development, but there is no major
change at birth.*® Although the respiratory neural network
is relatively mature at birth compared with many other
neural systems,* the respiratory pattern is very irregular,
probably due to incomplete neurcnal interconnection
and integration of signals. The membrane potential,
however, is lower in neonatal preparations due to lower
expression of persistent K* channels.

Fetal breathing movements have been studied exten-
sively in the fetal sheep. These movements can be detected
at an early stage. In the beginning they are irregular but
continuous. Closer to birth, breathing becomes interrupted
by prolonged apnea. This seems to be related to the mat-
uration of the brain and the development of sleep states.
Thus fetal breathing movements occur mainly during
electrocortical low-voltage activity (active sleep) and not
during high voltage (quiet sleep). During these apneic
periods it is difficult to elicit breathing movements even
by pinching the fetal lamb. This suggests that there is an
active inhibition of fetal breathing movements. If the
brainstem is transected at a mid-collicular level, breath-
ing movements become continuous.?

Fetal breathing movements are probably also suppressed
by humoral factors including endogenous opioids,” pros-
taglandins and adencsine. Prostaglandin antagonists, for
example, indomethacin, produce continuous fetal breath-
ing® and adenosine eliminates REM sleep and fetal breath-
ing iovements,”® Adenosine is a metabolite of adenosine
triphosphate (ATP) and its levels are increased during
hypoxia. Adenosine also acts as an inhibitory neuromod-
ulator, decreasing neural activity including respiratory
neurons.”® This effect is more pronounced during the
pre- and perinatal periods in brainstem preparations
from rat®® and suggests that adenosine inhibits the fetal
respiratory drive tonically via Al-receptors,

Fetal breathing can be stimulated by CO, only during
active sleep (low-voltage electrocorticogram) while the
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€O, has no effect on apnea during quiet sleep (high volt-
age). Hypoxia inhibits fetal breathing. This hypoxic inhib-
ition of fetal breathing can be removed by mid-coliicular
transection of the brainstem of the fetal sheep.”® Attempts
t0 exactly localize the area from where this inhibition
originates have been unsuccessful, but there is some sug-
gestion that it may originate from the nucleus ruber.

Transition at birth (p. 59)

During parturition fetal breathing movements seem
to be completely inhibited, although gasps may occur.
Meconium, however, is usually not aspirated until after
birth (Chapter 23), which explains why vigorous suction
of the infant when the head is in the vulva seems to be
effective. Only during severe asphyxia may gasps be
triggered, leading to severe meconium aspiration.

Respiratory control after birth

THE FOREBRAIN DRIVE

There is a parallel voluntary and autonomic control of
respiration particularly in the human. Stimulation of the
primary motor cortex excites diaphragm activity and this
neuronal pathway has been found to be oligosynaptic and
fast-conducting.’> Walking can produce an increased
respiratory activity before changes of blood gases are
found.'® During sucking, breathing receives lower
priority.'% It is possible that the increasing voluntary con-
trol and development of babbling and speaking may sup-
press the more automatic breathing of the infant. This
may be one reason why 2—4 months is a critical period
with regard to the sudden infant death syndrome.

The breathing pattern during the awake state is fairly
irregufar and influenced by sensory input. If an infant
is exposed to harmonic music, for example Mozart or
Chopin, the breathing pattern looks more regular than
if the infant listens to the more disharmonic music of
Stravinsky.®

The forebrain drive seems to be nearly sufficient to
maintain the PaCO, within normal limits. This is demnon-
strated in children with congenital hypoventilation syn-
drome {Ondine’s curse), who completely lack a CO, drive
and yet have normal blood gases when awake or in REM
sleep.™

THE €0, DRIVE

The neural mechanisms regulating breathing receive con-
tinuous and rapid feedback from the partial pressure of
CO, (PCQO,), as well as pH, in the blocd. This feedback is
believed to originate mainly from central chemoreceptors
in the brainstem. Since the PCO; value represents a bal-
ance between the inetabolic production of CO; by body
tissues and the ainount of ventilation of the alveolar
space, the CO;-sensitive chemoreceptors ensure that the

Even small changes in cerebrospinal fluid {CSF) pH
alter respiration in the adult animal, producing a linear
inverse relationship between CSF pH and alvecolar venti-
lation.? This is in contrast to the relationship between
the partial pressure of oxygen {PQ,) and ventilation, as
changes in PO; above 70 mmHg {still keeping saturation
high) only have minor effects on respiration. Hence, in
contrast to PO,, which is not an important chemical sig-
nal for respiratory control until it reaches levels associ-
ated with desaturation, PCO, provides key feedback for
the control of normal breathing.

The response to inhalation of CO, is already present
on the day after birth in rats and, during the first post-
natal week, there is even a tendency 1o a decreased CO,
response (R Wickstrém ef al., unpublished observations).
Thereafter, the ventilatory response increases due fo
increased tidal volumes. In older animals, hypercapnia
appears to also increase the respiratory frequency. ™ It is
thus apparent that, although present in the newborn rat,
the sensitivity to CO, undergoes maturation in the post-
natal period, leading to an increased ventilatory response.
This maturation appears to have two phases, the first tak-
ing place during the second week in the newborn rat and
being secondary to increased tidal volumes. This increase
can also be due to a maturation of respiratory muscles,
and/or a stiffer chest wall, rather than reflecting a change
in CO, sensitivity per se. The second phase of maturation
occurs during the third postnatal week in the rat and is
entirely due to increased respiratory frequency in response
to CO,. Apart from signalling in response to changes in
CO,/pH, the central chemoreceptors also provide a tonic
drive to the system that may be of hnportance for a
regular breathing pattern.

THE CENTRAL CHEMORECEPTORS

The nature and function of the central chemoreceptors
has recently been reviewed.” The exact nature of these
chemoreceptors, however, remains unknown. Conse-
quently, studying the development of these neurons has
proved difficult due to the lack of definition of a struc-
tured organization of the chemosensory systern at a cel-
lular level. Using the expression of the immediate early
gene c-fos, or its protein product Fos, as a marker of neur-
onal activation has, however, been useful in the study of
these neurons. It appears that the main areas activated by
hypercapnia in the adult rat, are also activated in the
newborn® (R Wickstrém et al., unpublished observations).
Some structures, such as the locus ceruleus of the pons,
however, do not display c-fos expression in the newborn
rat. Whether this truly reflects an absence of activation or
that these neurons are activated without c-fos expression
remains to be studied. It should also be noted that
this method only identifies activated neurons and that
inhibited neurons cannot be identified by c-fos expres-
sion. Hence, studies so far provide no definite informa-

alveolar ventilation is adequate to match the inetabolism. ()3Gion on the location at which the maturation of the CO,
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response occurs, but it may be speculated that areas that
are activated in the adult rat are responsible for the
increase in ventilatory frequency seen in older animals.
This kind of geographical specificity among chemosen-
sitive neurons has been proposed as one possible answer
to the question as to why there is such a widespread
distribution of chemosensitive neurons.”

As it is not known if CO, sensitivity represents either
an intrinsic cell membrane property, an effect on synap-
tic transmission or cell pH regulation, it is difficult to
study the mechanism underlying the maturation of the
ventilatory response on a cellular level. In vitro studies in
several of the chemosensitive areas of the brainstem of
the adult rat have shown depolarization as a result of
hypercapnia. This effect has been attributed to an intrin-
sic membrane property, possibly involving a potassium
channel. Other types of H™-sensitive membrane chan-
nels are also putative mediators of this response. The
development of these in the newborn period, as well as
their effect on respiration, remains to be studied. Two
neurotransmitter systems, acetylcholine and glutamate,
have also been studied in relation to respiration, and
both systems display a correlation to CO, sensitivity. It
cannot be concluded, however, that this effect is indeed
on chemosensitive neurons as they may also be synaptically
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connected neurons affecting the chemosensitive neu-
rons. Recent findings also indicate that ATP may mediate
the CO, response, as it is blocked by ionophoretic appli-
cation of purinergic P, receptor antagonists.”® Thus, all
these hypotheses concerning the mechanism of chemo-
reception are tenable and can also possibly differ between
chemoreceptor locations, Studies of the mechanism under-
lying the maturation of the CO, response will be greatly
facilitated when there has been further identification of
CO,-sensitive neuromns.

THE PERIPHERAL CHEMORECEPTOR DRIVE

The peripheral chemoreceptors were earlier believed to
be silent in the fetus and then activated at birth, playing
a major role for the onset of air breathing. This idea,
however, was rejected when it was found that carotid-
denervated fetal sheep did not start to breathe later than
sham-operated controls. In fact, the peripheral chemo-
receptors were found to be tonically active in the fetal
sheep.® The threshold to trigger firing of the sinus nerve,
however, is set at a lower PO, level (Figure 4.3). They are
probably adapted to the low PO, level in uzero.

After birth, the peripheral chemoreceptors reset to a
higher PO, level. This resetting occurs in 2-3 days in the

Figure 4.3 Overview of the
peripheral chemoreceptars.
Acetylcholine is assumed to excite
the sinus perve (iX), while
dopamine has @ more madulatory
role (modified after Donelly?®). in
the battom panel the inhibitory
effect of dopamine in the fetus and
the newborn is demonstrated. This

Postnatal hypoxia

Fo, =5 =10 =10 =5 kPa inhibition decreases after birth, but
Hyperoxic /\N\NVV\J fWWV\/\! can be retained during pastnatal
response [y S— o -] hypoxia. The ventilatory response

Al 0, Air 0 Air 0, to hyperaxia is shown below.
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newborn lamb® and 1-2 days in the newborn rat.?” If the
rise in PO, is prevented by birthing in an environment
with a low PO, similar to the intrauterine condition, this
re-setting does not occur. This resetting occurs also in
human babies, which was tested by the so called Dejours
test, that is, the infant was allowed to breathe pure oxygen,
any decrease of breathing noted being an index of
chemoreceptor drive. Newborn infants did not react to
the pure oxygen, but after about 2 days, their minute ven-
tilation decreased by about 10 percent.*’ Preterm infants
who bad chronic lung disease (CLD) were often found
not to react to this hyperoxic test, until several weeks
of oxygen treatment. Thus their resetting seemed o be
delayed, compared with preterm infants without CLD
who often responded with an approximately 20 percent
decrease in their minute ventilation.™

The exact mechanism for this resetting of the periph-
eral chemioreceptors is not clear, but dopamine seems to
play an important role.”> Dopamine is one of the major
neurotransmitters in-the carotid bodies, which inhibits
the transduction of the hypoxic drive. In the newborn rat
the dopamine levels are relatively high in the first hours after
birth. The turnover is also high immediately after deliv-
ery. Subsequently, the dopamine concentration increases,
whereas turnover decreases, suggesting that very litile
dopamine is released, These changes in doparmine turnover
occur at the saine period of time as the appearance of the
peripheral chemoreceptor reflex (Figure 4.3}. Rat pups
born and reared in a hypoxic environment for 2 days were
found to sustain a low peripheral chemoreceptor response
related to a relatively high dopamine turnover in the
carotid bodies. Furthermore, infants who have died of
the sudden infant death syndrome have sometimes been
found to have very high levels of dopamine in their carotid
bodies, according to postmortemn analyses.

The setting of the sensitivity of the peripheral chemo-
receptors may occur during a critical window. Infants
born at high altitude in the Andes were found to have a
blunted hypoxic ventilatory response as adults.™

Mitchell and colleagues have found that rats exposed to
hyperoxia during the first month after birth had impaired
hypoxic ventilatory responses as adults.'® Exposure to
bypoxia during fetal life causes long-term changes of
monoamine turnover in the carotid bodies as well as in
monocaminergic nuclei in the brainstem related to respi-
ratory control.”®

RESPIRATORY CONTROL REFLEXES

The pattern of breathing in the neonatal period is more
susceptible to influence from respiratory reflexes than
in the older child or adult. These reflexes arise from
stretch receptors in the airways, the chest wall or upper
amway.,
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The Hering—Breuer reflexes

In 1868, Hering and Breuer described the results of
a series of investigations on dogs and rabbits which,
although hardly meeting the demands of the clinical
statistician, have stood the test of time.”® The souice of the
Hering-Breuer reflexes remains incompletely described.
The Hering-Breuer inflation reflex generates from
stretch receptors within the airways and has an afferent
path lying within the vagi. The receptors for the defla-
tionary reflex appear also to lie within the lungs, as it is
generated by reduction in lung volume, as occurs follow-
ing the creation of a pneumothorax.”® It is probable that
the Hering-Breuer expiratory reflex and Head’s para-
doxical reflex have a similar origin.

HERING-BREUER INFLATION REFLEX (HBIR}

Hering and Breuer documented that inflation of the lung
induced apnea, that is, a cessation of respiratory effort.
The reflex has been extensively studied in the neonatal
period, where its effect appears more pronounced than
in later life.)” A variety of methods have been used to
provoke the reflex; these include lung inflation resulting
from the application of continuous positive airways pres-
sure (CPAP)*® or mechanical ventilation®® (Figure 4.4).
The reflex can also be demonstrated by an increase in the
expiratory time following airway occlusion at end inspir-
ation or an increase in the duration of inspiration with

volume (mi)
0
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ventilator pressure {cmH,0)
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0
Esophageal pressure (mmH;0)
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Figure 4.4 Stimulatian of the Hering—Breuer inflation reflex
by positive pressute inflation. The figure is read from feft to
right. In between ventilatar inflatians the baby breathes
well as demonstrated by the narrow negative deflections in
the esophageal trace. During each pasitive pressure inflation
there is a temporary inhibition of spontaneous inspiration
as evidenced by the esophageal pressure trace remaining at
a constant positive value during the ventifator breath,
Reprinted from Early Human Development, 8, Greenough,
A., Marley, C J., Davis, ] A., Respiratory reflexes in
ventilated premature babies, 65-75, 1983, with permission
from Elsevier Science.
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airway occlusion at end expiration. In the latter situation,
the inspiratory effort during the occlusion produces no
volume change, thus the stretch receptors are not stimu-
lated, hence inspiratjon is prolonged.

The inflation reflex is increased in patients with non-
compliant lungs®® and those on theophylline.”” Caffeine
therapy, unlike theophylline, led to the fall in the strength
of the HBR in a group of preterm babies, possibly as a
result of increased compliance.®!

In the newborn period, the reflex can be provoked
within the tidal volume range, airway occlusion at end
inspiration consistently delaying the onset of the next
inspiratory effort by at least 40 percent. It has been
claimed that there Is an inspiratory volume of approxi-
mately 4 ml/kg above functional residual capacity (FRC)
which has to be exceeded before activation of the HBR
occurs and that the strength is greatly increased when
occlusion is carried out at the peak of sighs. However, the
Investigators assumed that the brief apnea after a sigh was
due to the HB(R, rather than changes in arterial blood
gases.”® A more recent study has shown that the reflex is
active from the FRC and is maximal after an ipspiration
of approximately 4 ml/kg above FRC (Figure 4.5).*

The claim that the HB|R leads to a relatively shallow
and fast pattern of breathing in the neonatal period has
been challenged by Gagliardi and Rusconi,” who con-
sidered that the established relationship between the
strength of the HB{R and the respiratory rate of newborn
infants was biased on the grounds that the HB|R is nor-
mally expressed as a percentage increase in inspiratory
time after occlusion. As a result, a stronger HBR was
inevitable if the respiratory rate was high and inspiratory
time short. A recent study, however, has shown that there
remains a significant relationship between the strength of
the HB)R and respiratory rate when inspiratory time dur-
ing occlusion is used rather than percentage increase,* as
studied by Gagliardi and Rusconi.’ In older patients,"™*
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Figure 4.5 Lffect of volume of occlusion on the strength of
the Hering—Breuer inflation reflex in a healthy newborn
infant. The reflex is maximally stimulated at volumes of
4 mli/kg above FRC.
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however, the magoitude of inspiration is only shortened
if the tidal volume is increased above a certain critical
threshold. In cats, the duration and magnitude of lung
inflation determines the expiratory time.”

The effect of maturation on the strength of the reflex
is controversial, although this may reflect the variety
of techniques used to provoke the reflex (see above).
Some authors®®® have suggested that there is no rela-
tionship with increasing gestational age, particularly
amongst patients with non-compliant lungs.* Others>>7"*
have reported the reflex to be stronger in the preterm com-
pared to the term infant. Kirkpatrick® suggested the reflex
decreased more markedly with intrauterine as compared
to extrauterine maturation. By contrast, Bodegard et al.”
found the reflex to be weak in infants up to 28 weeks of
gestation, but then to increase in strength up to a peak at
36-38 weeks of gestation. Immediately after birth, post-
natal age does not seem to affect the reflex, with no change
being reported over the first 4 weeks after birth amongst
immature infants with stiff lungs,'” nor in term infants
studied at 2 days and 6 weeks of age.” There was appar-
ently a decline in the strength of the reflex by 32 percent
over the first year after birth.*” One study® has found
that at 15 weeks postnatal age, the decay in the strength
of the HB[R was significantly greater in term than pre-
terin infants. When the preterm infants were studied at
4 months post-term, however, the differences between
the two groups disappeared. The reflex can, however, be
provoked, if a suitable stimulus is used, in children™ and
adults."”

Babies born at high altitude have a inodified HB;R
response, with an augmented prolongation of inspir-
ation on occlusion, but reduced effect on expiration. This
pattern was associated with a deeper but slower pattern
of breathing.”!

THE HERING-BREUER EXPIRATORY REFLEX

Hering and Breuer also noted that if the animals’ lungs
were kept inflated, prolenged expiratory muscle contrac-
tion was stimulated. This reflex would not seem to have
any relevance to tidal respiration, but it may be equiva-
lent to the active expiration which is seen in both terin
and preterm babies who are receiving ventilatory sup-
port with relatively long inspiratory times (Figure 4.6}
(P' 156}-40'43

HERING-BREUER DEFLATION REFLEX

Hering and Breuer noted that if the lung was rapidly
deflated, either by attaching the endotracheal tube to a
suction source or by creating a pneurnothorax, a strong
and prolopged inspiratory response was generated. This
reflex can also be stimulated by an unusually vigorous
expiratory effort causing lung volume to decrease below
the end expiratory level. Hering and Breuer considered
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Figure 4.6 The Hering—Breuer expiratory reflex.

During each ventitator inflation the infant’s spontaneous
inspiratory activity is inhibited but, despite positive
pressure inflation continuing, the infant is able to halt
further gas flow into his chest during the last part of
ventitotor inflation or, as at point A, can actually cause
gas to flow out of his chest. Reprinted from Early
Human Development, 9, Greenough, A., Morley, (..,
Davis, A, Provoked cugmented inspirations in
ventilated premature infants, 111-117, 1984, with
permission from Eisevier Science.

the reflex might have an important role in the mainten-
ance of the FRC. Recent studies*®* bave shown it is cex-
tainly present in the newborn period, as reduction of lung
volume by inflating a jacket with a rigid outer wall sur-
rounding the infant’s chest and abdomen produces a rapid
and exaggerated inspiratory response {Figure 4.7).% The
strength of this reflex is increased if the lung voluine
reduction is rapid, the jacket inflation pressure is raised
and if the maneuver is commenced close to FRC rather
than end inspiration.™

HEAD’S PARADOXICAL REFLEX

Hering and Breuer noted a further reflex response, but it
was thought at the time to be an artifact. This response
was active inspiration in response to inflation; in
humans, this has subsequently been termed ‘the inspira-
tory augmenting reflex’ or ‘provoked augmented inspira-
tion. The reflex was defined more extensively by Head,*
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who noted that when vagal conduction was first blocked,
a rapid inflation provoked a stronger and more sustained
contraction of the diaphragm. This reflex has an impor-
tant role in ensuring that infants who require resuscita-
tion and are receiving inadequate inflation pressures, either
via a face mask or endotracheal tube, obtain sufficient
lung expansion to establish an FRC and overcome their
relative asphyxia. It may be the underlying mechanism
of the first breath and sighing. This response is also
seen during intermittent positive pressure ventilation
(Figure 4.8)." Its function appears to be to increase lung
compliance and reopen partially collapsed alveole in the
iminediate perinatal period; outside that time period it
has rarely been demonstrated.'*! An inverse relation-
ship between the sensitivity of the reflex and lung com-
pliance has been demonstrated®® The frequency of
augmented breaths increases with increasing levels of
hypercapnia and particularly hypoxia."*

The intercostal phrenic inhibitory reflex

Rapid distortion of the chest wall can result in short
inspiratory efforts. This response is usually seen during
REM sleep,’® but is inbibited by an increase in FRC
resulting from the application of CPAP. CPAP probably
eliminates the reflex by improving chest wall stability.®®
Infants born at term have a prolonged inspiratory res-
ponse to end expiratory airway occlusion, whereas the pre-
mature infants show a less marked response.”® Intrinsic
upper airway or imposed external airway obstruction® can
induce apnea in preterm babies, particularly those hav-
ing spontaneous apnoeic episodes. it has been postulated
that this also represents a reflex response generated by
distortion of the rib cage." This has led to the suggestion
that mixed apnea is caused by a respiratory effort against
an obstructed upper airway, inducing chest wall defor-
mity and hence the central apnea component.” This
hypothesis is not supported by Riggato’s group,” who
found that airway closure and cessation of respiratory
breaths occurred before the onset of respiratory efforts in
preterm infants with mixed apnea.

[rritant reflexes

Inhalation of toxic gases can cause a change in the fre-
quency and depth of respiration. The response, however,
is variable dependent on the maturity of the patient. The
reflex involves small myelinated vagal fibers, which are
reduced in muinber in very premature infants. The fibers
arise from subepithelial chemoreceptors located in the
trachea, bronchi and bronchioles and are designed to
detect delicate insults to the epithelial surface. The recep-
tors are poorly developed in premature infants and their
activity abolished in REM sleep,”’
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Figure 4.8 Head’s paradoxical or the augmenting
inspiratory reflex. The positive pressure inflation in the
cenier af the ventilator pressure recording provokes the
augmented inspiration, as demonstrated by the large
negative deflection in the esophageal pressure trace
compared to that experienced during spontaneous
inspiration between ventilator inflations. Reprinted from
farly Human Development, 8, Greenough, A., Morley, C.].,
Davis, LA., Respiratory reflexes in ventilated premature
babies, 65-75, 1983, with permission from Efsevier Science.
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previous inspirations (a + b).
flow Expiration (2} is shortened
compared o previous
unstimulated breaths {x + v).

Upper alrway chemoreﬂexes

Introduction of small quantities of water into the phar-
ynx of term and preterm babies induces apnea, which has
both central and obstructive features.® The region most
sensitive to water appears to be in the interarytenoid
notch.”” This area is stimulated just before the fluid enters
the larynx, The response probably bas an important pro-
tective function for the upper airway. Apnea is seen far
more commonly if water, rather than saline, is used.'” The
ability of the 'sensors’ to distinguish between species-
specific and other milks has not been demonstrated in
man, but there are structures in the lining epithelium
which are histologically very similar to taste buds.™ It is
not known how long these reflex responses persist, but one
group found that ultrasonically nebulized distilled water
was capable of inducing episodes of apnea in infants as
old as 3 months of age (C O’Callaghan and AD Miiner,
unpublished data). Interestingly, this apneic response to
water within the upper airway appears to be greater when
the infant is in the prone rather than supine position,™
providing another possible mechanism to explain why the
sudden infant death syndrome is associated with sleeping
prone. There also appears to be CO; sensors within the
respiratory tract, possibly in the upper airway. Inhalation
of high (76 percent) concentrations of CO, resulted in
apnea in preterm infants.’
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THE CHEST WALL AND RESPIRATORY
MUSCLES

The chest wall
The ribs of the neonate are relatively elastic, in the para-
lyzed state the compliance of the chest wall is high, often
exceeding 25 ml/fcmH;0. The stability of the chest wall is
helped by the relatively horizontal positioning of the ribs,
which tend to splint the thoracic cage open.” The upper
ribs are shorter than the lower ones, giving a triangular
shape to the thoracic cage in comparison to the dome
shape seen in the adults (Figure 4.9).”! This configuration
lirnits the extent to which the outward (bucket handle)
movement of the ribs can contribute to tidal exchange.
Although the chest wall is very compliant, it is relatively
stable, as the intercostal muscles’ main function appears to
be to provide chest wall rigidity rather than expansion on
inspiration. Measurements of chest wall compliance during
spontaneous breathing, assessed by examining the propor-
tion of transthoracic pressure conducted to the oesopha-
gus during either positive end expiratory pressure®® or
continuous negative external pressure,” have demon-
strated that approximately 50 percent of the applied pres-
sure is transmitted. Those data indicate that the functional
compliance of the chest wall is close to that of the lung,

{b)

which must be the case if gross paradoxical movement of
the chest wall is to be avoided. In REM sleep, when respi-
ratory muscle tone is reduced, paradox does occur, ' and it
is also a striking feature in term or preterm babies who
have respiratory disease and are unable to compensate for
their reduced lung compliance.'®*

Respiratory muscles

THE DIAPHRAGM

Respiratory exchange is largely brought about by the
diaphragm which, in the neonate, lies more horizontally
than in the adult. The area of diaphragm in contact with
the chest wall is relatively small,?! which reduces the abil-
ity of the diaphragm to increase the circumference of the
lower thorax. Despite this, inspiratory pressures in excess
of 120 crmH,0 have been recorded during the onset of
respiration’”! and during crying in the immediate neo-
natal period, 28

ACCESSORY MUSCLES

These are well developed. The external and internal
oblique and the rectus and transversus abdominalis have
been shown to generate positive intrathoracic and inter-
abdominal pressures in excess of 100cmH,0O in the
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Figure 4.9 (a) The chest wall of the infant
{A) has a triangular shape compared to
that of the aduit (B). (b) Ventitatian in
the infant is due to a bellows-like action
{A} compared to the piston effect af the
diaphragm in the adult (B). (Reprodiuced
with kind permission from H Deviieger?’)
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immediate neonatal period,'™ Such levels are not too
dissimilar to the maximum pressures which can be gen-
erated in the adult. The scalene and sternomastoid mus-
cles, which have an important role in aiding inspiration
in early childhood and adult life, may, in the neonatal
period, further stabilize the chest wall and thus aid
inspiratory exchange.

RESPIRATORY MUSCLE STRUCTURE AND
FUNCTION

The respiratory muscle fibers cann be divided into two
groups. The first group {type [) generate peak tension rel-
atively slowly, but are very resistant to fatigue;'! these are
also known as the slow twitch fibers. The type II fibres'!
generate peak tensions much faster (fast twitch) and have
been subdivided into type Ila and IIb according to their
staining responses to NADH-tetrazolium reductase.”
The main difference between the [la and [Ib fibers is that
the latter type fatigue rapidly. The diaphragm of preterm
babies contains approximately 10 percentof type I fibers,™
which rises to 25 percent at term and subsequently to
55 percent in childhood. The constituents of the neonatal
respiratory muscles, particularly the diaphragm mean
that they are more prone to fatigue than later in life. There
are two additional muscle fiber types, 2¢ and 2h, which
accur only in the fetus and newborn infant.%” It is thought
that these muscle fibers also have a limited ability to with-
stand fatigue,

EFFECT OF SLEEP STATE

Tonic activity of the respiratory muscles is abolished in
REM sleep;™ this may cause chest wall distortion. In
the preterm infant, this may lead to a reduction in tidal
volume and reductions in saturation.*®™ Sleep state also
influences the post-inspiratory activity of the diaphragm,
which is important as a braking mechanism to maintain
lung volume and in the control of expiratory tiine. In add-
ition, upper airway resistance is affected by sleep state,
The abductor muscles, the thyroarytenoid, lateral crico-
arytenoid and intra-arytenoid have a phasic expiratory
activity during quiet sleep, which is lost in REM sleep.

Maintenance of the patency of the
upper airway

In the newborn period, the upper airway is a very com-
pliant structure. Maintenance of the airway is dependent
on the complex interaction of upper airway muscles
which function in conjunction with the diaphragm and
chest wall muscles. If the function of these muscles is
interrupted, for example by paralysis, the small negative
pressure swings associated with inspiration are sufficient
to cause collapse first of the oropharynx and then of
the laryngeal orifice.%! Electrical stimulation tests®® have
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shown that the most important muscles in maintaining
patency of the oropharynx are the genioglossus, genio-
hyoid, sternohyoid, sternothyreid and pharohyeid muscles.
Electromyograph studies'>™ found that these muscles
interact during inspiration to counteract the negative
pressure being generated by the downward movement of
the diaphragm. In addition, the vocal cords tend to retract
during inspiration, effectively reducing the inspiratory
resistance. On expiration, the pharyngeal supporting mus-
cles tend to relax, but the structure is then supported by
the positive pressure within the lumen. In contrast to
inspiration, there is active contraction of the laryngeal
muscles, particularly in early expiration which, in com-
bination with the relatively late relaxation of the inspira-
tory muscles, reduces the rate of flow early in expiration.*®
Those phasic changes are modified by CO, levels, as inhal-
ing CO; reduces both the inspiratory and expiratory
resistances in preterm infants.®® In situations in which
the FRC is reduced, for example respiratory distress syn-
drome (RDS), pnewmonia or heart failure, this pattern
is exaggerated so that the airway is almost comnpletely
occluded during expiration. Air is then driven out through
the small residual orifice by the contraction of the abdom-
inal muscles, producing the characteristic grunting form
of respiration.

The effects of the chest wall and
respiratory muscles on the FRC

The FRC in the necnatal period is approximately 25 mlfkg
body weight when measured by a gas dilution tech-
nique™ and 30 ml/kg when measured plethysmographi-
cally.”! Those values are close to those seen in adults when
related to body mass and, although measurements are
limited in number,” they appear to represent a similar pro-
portion of the total lung capacity. It has been claimed*’
that the FRC is largely maintained by respiratory muscle
tone and that in REM sleep, when respiratory muscle
tone is reduced, the ERC, as measured by total body
plethysmograph, decreases by up to 60 percent.*” Those
data, however, were only from six individuals and subse-
quent studies on both term® and preterm babies® have
failed to show any significant change in lung volume
when there is a change from quiet to active sleep. There
are, however, two factors that appear to be important in
maintenance of the FRC. First, the residual volume, the
volume at which all airways are closed and all remaining
alveolar gas is trapped, is relatively close to the FRC in the
neonatal period and tends to fall relative to the FRC as
the infant grows. This has been demonstrated using the
forced partial expiratory flow volume curve technique by
the limited ability of an externally applied pressure to
produce more than a few milliliters of expiratory reserve
volume.®? Second, the relationship between the time
constant, that is, the product of the resistance and the
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compliance (see p. 117}, and the infant’s respiratory rate
is important. The time constant in health is relatively
unchanged throughout life, being between 0.22 and 0.4
seconds. The newborn respiratory rate, however, is high,
tending to be between 40 and 60 breaths per minute.
Under such conditicns, there is insufficient time for the
lung to deflate to the FRC, as determined by the balance
of elastic forces produced by the lung on the one hand
and the chest wall and respiratory imuscles on the other,
This produces a dynamic elevation of the FRC.*® It
may be that the increased respiratory rate occurring in
REM sleep helps compensate for the reduction in inter-
costal muscle tone and so prevents a fall in FRC.** The
FRC is unaffected by the body position of the full-term
infant.?
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Development of the immune system

SUSAN LEECH

Stem cells 50
Adaptive immunity 50

The immune system, as other systems, follows an orderly
pattern of development following conception and con-
tinues to develop after birth. Immaturity of host defense
niechanisms makes neonates susceptible to a wide variety
of microbial pathogens. The more premature the mfant,
the greater the risk, as they have a less well-developed
immune system and a greater need for invasive inten-
sive care. Once infected, neonates become rapidly and
seriously 1ll.

STEM CELLS

The cells of the immune system are derived from
pleuripotential hematopoietic stemn cells. They are first
found in the blood islands of the yolk sac. During
emnbryogenesis they migrate to the fetal liver, omentum,
spleen and ultimately the bone marrow, which is the
major repository of stem cells in adult life. Hema-
topoietic stein cells enter one of two major differen-
tiation pathways. One generates the T and B lymphocytes
of the adaptive immune system, following migration
to the thymus or bone marrow, respectively. The second
pathway generates the effector cells of the innate immune
system: phagocytes (polymorphonuclear leukocytes,
monocytes and macrophages}, antigen-presenting cells
(dendritic cells, Langerhans cells} and inflammatory cells
(mast cells, basophils and eosincphils). Each step in the
developmental process that generates the immune
system is genetically controlled. All major ce]l lineages
of the immune systern are present by the onset of the sec-
ond trimester.
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ADAPTIVE IMMUNITY

Thymus development

The thymus is derived from three primitive genn layers.
The endoderm of the third pharyngeal pouch forms the
medullary epithelium. The ectoderm of the third branchial
cleft forins the cortical epithelium. Mesenchymal elements,
of neural crest origin, form the fibrous capsule, stroma
and vessels (Figure 5.1).% These elements migrate caudally
between 7 and 10 weeks of gestation, to the anterior
mediastinum. By 12 weeks of gestation, a clear separa-
tion between the peripheral thymic cortex and central
medulla is apparent. Different stages of T-cell development
occur in different regions of the thymus. Thymic cellu-
larity increases dramatically during the last trimester and
continues to increase in cellularity after birth, until about
10 years of age. It then involutes, the cortex and meduila
being replaced by fat. Mature CD4 and CD8 thymocytes
are spared during involution whilst the immature, double-
positive, cortical thymocytes are lost.

T-cell development

From 7 weeks of gestation, T-cell precursors enter the
thymus. Primitive cells containing cytoplasmic CD3 can
be detected in the prethymic mesenchyme and fetal liver
at 8 weeks. By 12 weeks, T cells express a T-cell receptor.
By 14 weeks of gestation, development of the T ceil can be
tracked as it passes through the thymus. The subcapsular
region contains immature type 1 thymocytes, large blast
cells that proliferate vigorously. The cells then pass to the
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Figure 5.1 The celludar orgonization of the thymus. The thymus,

which lies in the midline of the body, above the heart, is

made up from several lobufes, each of which contains discrete cortical {outer) and medullary (central) regions, The cortex

consists of immature thymocytes, branched cortical epithelial cefls, with which the immoture cortical thymocytes are closely
associated, and scottered macrophages involved in clearing apoptatic thymocytes. The medulla cansists of mature thymocytes,
and medullary epithelial celis, along with macraphages and dendritic cells of bane marrow origin. Hassall’s corpuscles faund in

the human thymus are probably alsa sites of cell destriction. The

thymocytes in the outer corticol ceil fayer are proliferating

immature cells, while the deeper cortical thymacytes are mainly cells undergaing thymic selection. The photograph shows the
equivalent section of @ hurnan thymus, stained with hemataxylin and eosin. Phatograph courtesy af €} Howe. Repraduced with

permissian from janeway and Travers.??

cortex, where most T-cell development takes place. Smaller
thymocytes, which express CD3, CD4 and CD8, and are
termed ‘double-positive” are found in the cortex. At this
stage, positive and negative selection shapes the T-cell
reperfoire. T cells capabie of recognizing molecules of the
major histocompatibility comnplex (MHC} present on the
thymic cortical epithelial cells (and therefore capable of
recoghizing antigen presented by self-MHC) are positively
selected. This is followed by negative selection, mediated
by bone marrow derived macrophages in the cortex and
medulla and dendritic cells at the corticomedullary junc-
tion, which remove strongly self-reactive T cells, As a result
of this ‘thymic education’, the T-cell repertoire is deter-
mined and 99 percent of T-cell precursors are eliminated
by apoptosis {Fignre 5.2). Finally, the T cell ends up in
the medulla where one of the CD4 or CD8 glycoproteins
is lost. The mature T cell is released into the circulation
and traffics to other tissues. By 14 weeks of gestation,
mature CD4 and CD8 T cells are found in the fetal liver
and spleen.?
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DEVELOPMENT OF THE T-CELL RECEPTOR

T-cell receptor diversity is generated from a small set of
genes by DNA rearrangement. The recombinase activating

gene enzymnes create functional T-cell receptor genes by a

looping-out mechanism. The splicing sites are imprecise
and subject to the addition of random nucleotides by
the enzyme terminal deoxynucleotidyliransferase (+TdT),
which appears at 18 weeks of gestation. Beforehand, from
8 to 18 weeks of gestation, the fetal thymus demonstrates
reduced diversity of sequences. By mid-gestation, the
T-cell receptor repertoire is more varied.*!

T-CELL FUNCTION

From 12 weeks of gestation, the early T-cell receptors
are able to respond to foreign antigens presented by
MHBC. From mid-gestation to birth, fetal T cells probably
have identical capabilities to neonatal T cells. Fetal thy-
mocytes can recognize foreign cells and are capable of



52 Development of the immune system

Cortico-medullary junclion

Medulla

(miature CD3 "4 78+
. double-positive thymocytes

Mature (D418~ and CDB¥ 4~
thymocytes

Dendritic cell

Medullary epithelial cell

Macrophage

Figure 5.2 Thymocytes of different developmental stages are found in distinct paris of the thymus. The earliest cells to enter
the thymus are found in the subcapsular region of the cortex. As these cells profiferate ond mature into double-positive
thymocytes, they migrate deeper into the thymic cortex. Finally, the medulla contains only mature single-positive T cefls,
which eventually teave the thymus and enter the bloodstream. Reproduced with permission from laneway and Travers.??

causing graft-versus-host disease if transplanted into an
immunodeficient recipient. Premature infants can there-
fore reject a transplant, demonstrate normal responses to
in vitro tests of lymphocyte function and demonstrate
lack of sequelae to neonatal thymectomy. T-cell function
in the fetus and neonate, however, is impaired compared
with that in adults. Diminished functions include T-cell-
mediated lymphokine production, cytotoxicity, delayed-
type hypersensitivity and help for B-cell differentiation,
The lack of memory T cells may account for many of
these differences. Limitations in T-cell numbers and in
the available repertoire of T-cell receptors do not play a
major role in the diminished immune responses by the
neonate, although they may do so in the fetus before
mid-gestation. Following neonatal infection, the acquisi-
tion of detectable T-dependent antigen-specific responses
is delayed.

CYTOKINE PRODUCTION

Neonatal T cells produce quantities of IL-2, TNF-a and
THNE-{ similar to those made by adult cells, but make little
or no IFN-y, IL-3, IL-4, IL-5, IL-6 or GM-CSE' The
ability of T cells to synthesize cytokines is linked to their
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degree of activation. The lack of antigen-driven post-
thymic differentiation and absence of memory cells con-
tributes to deficiencies in neonatal helper function.

EXPRESSION OF CD45 RO AND CD45 RA

There are two isoforms of transmembrane tyrosine
phosphatase, CD45 present on T cells. CD45 changes from
RA to RO after exposure to antigen, as the cell function
changes fromn a naive to memory cell. CD45 RA cells
account for 90 percent of neonatal CD4 cells. CD45 RO
cells constitute 50 percent of adult but only 5 percent of
neonatat T cells.’! The large number of neonatal CD45
RA T-cell population actively suppresses the helper func-
tion of CD45 RO cells.

B-cell development

B-cell development also occurs in discontinuous steps.
The first stage involves the generation of a large, diverse
repertoire of B-cell clones expressing unique antigen
receptors from a relatively small number of stem cell
precursors, analogous to intrathymic T-cell development.
The generation of diverse immunoglobulin gene sequences
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occurs in 2 manner similar to that described for the T-cell
receptor. B-cell development occurs in the omentum and
liver in early fetal life and bone marrow as it becormnes the
hematopoietic organ.’

PROGENITOR B CELLS, PRE-B AND
IMMATURE B CELLS

Progenitor B cells {pro-B) are the earliest recognizable
cell of the B-cell lineage (Figure 5.3). They are the earliest
hematopoietic cells which have surface expression of
the pan-B marker CD19 and a membrane complex com-
posed of surrogate light chain (WL) and a presumed
snrrogate heavy chain. They divide and have begun to
rearrange the immunoglobulin heavy chain genes. Pro-
duction of the heavy chain of the IgM molecule, , in the
cell cytoplasm signals successful gene rearrangement and
marks transition from pro-B to pre-B cell. Pre-B cells
have lost CD234, express CD19 and bear cytoplasmic p. in
the form of a WL/p. complex. Pre-B cells are present in
the fetal liver and omentum by 8 weeks of gestation and
in the fetal bone marrow by 13 weeks of gestation > After
30 weeks of gestation, pre-B cells are only found in bone
marrow where they make up less than 5 percent of
the cell population. Rearrangement of light chain genes
occurs after heavy chain rearrangement. Synthesis of
intact light chain permits efficient assembly and transfer
of monomeric IgM molecules to the cell surface. The
expression of cell surface immunoglobulin marks the tran-
sition from pre-B to immature B cells. The B Iymphocyte
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also expresses pan-B differentiation markers CD19 and
CD20. Cells expressing surface Ighl are detectable from
10 weeks of gestation and B cells can be identified in the
circulation by 11 weeks of gestation. Fetal B cells express
IgM without IgD, unlike adult IgM-positive B cells,
which also express surface IgD. Engagement of surface
IgM at this stage of B-cell development delivers a tolero-
genic intracellular signal, as opposed to one which leads
to B-cell activation. Antigen exposure 7 utero inay there-
fore induce specific tolerance rather than an antibody
response.

GENERATION OF DIVERSITY

The fetal repertoire of expressed variable region genes is
restricted and conserved. The genes expressed are scattered
throughout the locus. There is less junctional diversity at
splice sites between the V-D-] gene segments in fetal heavy
chains than in neonatal heavy chains, reflecting delay in
expression of {TdT. The neonatal repertoire contains a
broader spectrum of V, D and ) genes, somatic mutations
and larger CDR3 regions.” An inevitable consequence of
the generation of diversity is the production of self-reactive
clones which are removed froin the circulation by negative
selection and clonal deletion.

ISOTYPE SWITCHING

The second stage of B-cell differentiation occurs after
antigen binding and depends on signals from activated

Memory B cell

IgM
plasma cell

Figure 5.3 The life cycle of the

B celi in relation to antigen. Note
how much B-cell development is
antigen-dependent. Reproduced
with permissian [rom Peakman
et al*?
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T cells. B cells, thus stimulated, proliferate and differentiate
to form memory cells or antibody-secreting plasma cells.
All antibody-secreting cells originate from precursors
that express membrane IgM, by isotype switching. IgM is
expressed first, because the Cp gene (which codes for
IaM) is closest to the V-D- genes. Expression of isotypes
which lie downsiream of Cp occurs by swiich recom-
bination, This is T-cell dependent and directed by
the cytokine environment, for example IL-4 promotes
class switching to IgE.** Lymphocytes expressing other
immuncglobulin classes begin to appear in low frequency
at 10-12 weeks of gestation. IgG-positive cells can be
found by 10 weeks and cells bearing IgD and IgA develop
slightly later. The number of B lymphocytes increases
rapidly from 12 to 15 weeks of gestation. By 15 weeks of
gestation, the proportion of immunoglobulin-bearing
cells in blood, spleen and lympb nodes is the same as that
found in adults, In the fetus and neonate, expression of
IgA or IgG occurs exclusively on immature B cells that also
express IgM with or without IgD."7 Adult B cells express-
ing IgG or IgA express only the single isotype.

B cells, diffusely distributed in lymph nodes at 16-17
weeks of gestation, express CD21 [complemnent receptor
2 and Epstein-Barr virus (EBV) receptor] and IgD. The
organization of primary follicles arcund follicular den-
dritic cells from 17 weeks onwards is associated with
expression of CD5 on B cells. The development of splenic
follicles follows the same pattern but occurs a few weeks
later.

B-1 POPULATION

B-1 cells express the surface glycoprotein CD5, they have
a unique ontogeny, phenotype and adult tissue distribu-
tion.? The antibody repertoire of B-1 cells is also unique,
using a small set of V-region immunoglobulin genes to
produce polyreactive antibodies. Antibody production
by B-1 cells is T-cell independent and largely of the IgM
isotype, with little or no IgD, and encodes reactivity against
autoantigens and idiotypes. B-1 cells develop before con-
ventional B cells and are the predominant B cell through-
out fetal and early neonatal life. They are derived from
hematopoietic stem cells in the fetal liver and omentum.*
After birth, a transitional population of B-1a cells are
produced, which have a more diverse repertoire, before
mature, conventional B cells are produced. In the adult,
B-1 cells are sparse, but present in the blood and follicular
mantle zones of the spleen, in the small B-cell population
in the thymus and in the peritoneal and pleural cavities.
The omentumn continues to be the primary site for the
development of B-1 cells.””

IMMUNOGLOBULIN PRODUCTION

The fetus and newborn have reduced capacity to produce
either IgG or IgA antibodies to protein antigens or
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antibodies of any class to carbohydrate antigens. There is
a long gap between the development of B lymphocytes
bearing IgG or IgA isotypes late in the first trimester, and
adult serum concentrations of these antibodies in middle
to late childhood. B lymphocytes of newborn babies can
synthesize and express these isotypes on their membranes
but cannot differentiate into secretory plasma cells. Func-
tional studies comparing in vitre responses of neonatal
T and B cells with those of adult cells implicate both
T and B cells in the impaired capacity to produce IgG and
IgA. Neonatal T cells provide poor helper function and
are active suppressers.”® Neonatal B cells require higher
concentrations of 1L-2 and IL-4 or IL-6 than adult B ceils
to undergo differentiation into plasma cells. Neonatal
T cells produce sufficient IL-2 to drive T-cell proliferation,
but do not provide the additional cytokines required to
support optimal B-cell differentiation.

PLACENTAL TRANSFER OF IMMUNOGLOBULIN

Placental IgG transport begins at 3 months of gestation.
Only IgG is transferred across the placenta from mother to
infant. The Fc portion of the IgG heavy chain has a special
determinant that allows active transfer, The rate of mater-
nalfetal transfer is a function of maternal and fetal IgG
levels and of the age of the placenta. Premature infants at
birth have low serum levels of IgG in inverse proportion to
the gestational age. The other iimmnunoglobulins (Igh, A,
D and E)} are not transferred across the placenta, with the
result that certain antibodies present in the maternal
circulation are absent in the infant (Figure 5.4).
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Figure 5.4 !mmunoglobulin {igG, IgM and 1gA) levels in the
fetus and infant in the first year of life. The 196 of the fetus
and newborn infant is salefy of maternal origin. The
maternal 1gG disappears by the age of 9 manths, by which
time endogenous synthesis of IgG by the infant is well
established. The 1gM and IgA of the neonate are entirely
endogenously synthesized, for maternal 1gM and 1gA do not
cross the placenta. Reproduced with permission from
Stiehm.*?
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The term newborn synthesizes little immunoglobulin at
birth but receives aduit levels of 1gG due to active
transplacental transport from the mother. By term, the
IgG level in the infant is slightly greater (110 percent)
than the IgG level in the mother. Maternal lgG antibod-
les passively protect the infant from many infections for
the first 6 months of life. After birth, the IgG level in the
infant decreases due to normal catabolism of maternal
1gG and the delay in the infant’s own IgG synthesis.
During this physiological hypogammaglobulinernia, the
IeG level generally falls to a padir of 300-500ng/dl by
4 months. IgG synthesis the slowly increases and 60
percent of the adult IgG level of 1200 ng/dl is attained by
1 year. Adult levels are reached by 10 years. Levels of 1gG
are higher in post-mature infants than in term infants. In
infants with Down’s syndrome, IgG levels are decreased
at birth, averaging 80 percent of the maternal concentra-
tions. Premature infants, because of their lower cord 1eG
levels, have a more prolonged and severe physiclogical
hypogammaglobulinemia and are more susceptible to
neonatal infections.

IgM

IgM does not cross the placenta, There is somne i utero
synthesis and it is present in infants with a mean level of
10ng/dl. 1gM is the chief immunoglobulin synthesized
by the newborn infant. Within a week of birth, igM syn-
thesis accelerates, stimulated by bacterial flora of the
recently colonized gastrointestinal tract. Premature infants,
regardless of gestational age, demionstrate a similarly
accelerated IgM synthesis immediately after birth. IgM
levels reach 50 percent of adult values by 6 months and
80 percent by 1 year.

igA, 1gD AND IgE

IgA, IgD and IgE neither cross the placenta, nor are syn-
thesized in significant quantities by the newborn. Cord
levels are exiremely low and rise slowly in the first year,
achieving 10-25 percent of adult levels by 12 months of
age. IgA is occasionally elevated in post-mature infants,
above 5 ng/dl in 3 percent. Adult levels are achieved by
15 years of age.

SECRETORY I1gM AND IgA

slgA and sigM antibodies have been found in the saliva
during the first few days after birth. sIgM antibodies pre-
dominate in the secretions of infants. As the synthesis
and transport of sigA antibodies into the saliva increases
during the first 1-3 months of age, levels of the sigM
antibodies decrease in parallel, suggesting competition
for the same transfer mechanism or replacement of

the local IgM-producing cells by IgA producers. Adult
concentrations of salivary slIgA antibodies develop from
6 months onwards.

INNATE IMMUNITY

Mononuclear cells

Macrophages are the first detectable element of the
immune systemn. Primitive macrophages appear in the
yolk sac from 4 weeks of gestation. The early appearance
of macrophages may be critical for normal embryogenesis,
since tissue-specific ablation of macrophages in transgenic
mice results in abnormalities in the development of these
tissues. Later in gestation, when the fetal liver is the pre-
dominant site of hematopoiesis, first macrophages and
then monocytes are produced.?* After birth, hematopoiesis
occurs in the bone marrow. In marrow, the monoblast,
the mononuclear phagocyte precursor cell, differentiates
to the promonocyte and subsequently to the mature, cir-
culating monocyte.'” The monoblast is a small, round
cell that actively incorporates thymidine, is esterase and
peroxidase negative, contains lysozyme and has com-
plement and IgG receptors. The promonocyte containg
specific monocyte enzymes, has complement and IgG
receptors, and is capable of plagocytosis. The promono-
cyte divides several times before differentiating into the
monocyte, and moving inte the circulation. Blood
monocytes circulate for 1-4 days, then migrate into the
tissues, Some of the circulating blood monocytes bind to
blood vessel walls and this marginating pool represents
approximately 75 percent of the total intravascular
monocyte pool. Resident tissue macrophages are replaced
from the blood monocyte pool at a constant rate and exist
both as fixed and free macrophages, Free macrophages
are found in the pleural, synovial, peritoneal and alveolar
spaces and in inflalmmatory sites. The less notile fixed
tissue macrophages are present in the splenic sinusoids,
in the liver as Kupffer cells, in reticulum cells of the bone
matrow, in the lamina propria of the gastrointestinal tract,
in specific sites in lymph nodes, in bone as osteoclasts
and as microglia in the CNS.

Neutrophils

GRANULOCYTE DIFFERENTIATION

Neutrophil precursors appear later than macrophages.
Neutrophils arise from bone marrow stem cells through
a series of differentiation steps in which they lose their
pleuripotency and commit to granulocyte differentia-
tion. The last of the progenitor pool differentiate into
commitied myeloid cells of the neutrophil proliferative
pook myeloblasts, promyelocytes and myelocytes,
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GRANULE DEVELOPMENT

The early promyelocyte is the first differentiation step
to contain nucleated granules. The late promyelocyte is
characterized by primary or azurophilic cytoplasmic
granules containing hydrolases, proteases, lysosome and
myeloperoxidase. With further differentiation, at the
myelocytic stage, there is a loss of the deep blue appear-
ance of the granules and a neutrophilic character is
acquired, caused by an increase in secondary or specific
granules. Specific granules of the neutrophil myelocyte
contain lactoferrin and vitamin B12-binding protein; in
the mature cell they outnumber the azurophilic granules
by two to one. The neutrophil granules are generated in
the Golgi complex and bud off from the endoplasmic
reticulum. Early stages of neutrophil development are
characterized by the presence of mitochondria; later
stages are marked by a proliferation of glycogen with
few mitochondria. This change represents a shift from
aerobic metabolism to glycolysis as the major source of
cell energy.

DEVELOPMENT OF MEMBRANE RECEPTORS

Early inyeloid differentiation is characterized by the loss
of CD34, the transient appearance and disappearance of
HLA-DR on progenitor cells and the appearance of CD13
{aminopeptidase N) and CD38 (NAD glycohydrolase)
on the myeloblast. Once they begin to differentiate,
promyelocytes acquire complement receptors, CR3. Fey
receptors appear at the metamelocyte stage.!” These
membrane adberence proteins are critical for chemotaxis
and phagocytosis and their acquisition parallels develop-
ment of these functions. Other factors play a role, as
chemotaxis is reduced in early band forms compared to
segmented forms.® Immature neutrophils are more rigid,
because of altered actin polymerization, and have
delayed microbial ingestion, comnpared to mature cells.
Other surface receptors include erythrocyte and human
granulocyte antigens. The granulocyte-specific antigens
are polymorphic and responsible for immature neu-
tropenias and febrile transfusion reactions.” Surface
glycoprotein patterns change with maturation and this
affects certain cell functions. Excessive N-acetylneur-
aminic acid on immature cells has been associated with a
high nepative surface charge with inhibition of adhesion
and cell-cell interactions. Mature neutrophils are detected
at 14-16 weeks of gestation.’

GRANULOCYTE FUNCTION

The bone marrow neutrophil storage pool of premature
and term infants is considerably smaller than that of
adults. Bacterial infection of the neonate may lead to
rapid exhaustion of the storage pool and neutropenia.!* It
is uncertain at what age the infant storage pool achieves
normal adult size. Neonatal neutrophils function poorly
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compared to those of older children and adults.”® Most
studies of neonatal granulocyte function have been per-
formed on cord blood, containing both immature neu-
trophils {released under the stress of birth) and mature
neutrophils exposed to cytokines associated with delivery,
placental separation, acidosis and progesterone, Drugs
used in delivery, such as anesthetics and antibiotics,
may also alter the function of neonatal neutraphils.'®*
Coniroversy, therefore, exists over which of the newborn
neutrophil functions are abnormal. Chemotaxis and
adherence related functions are decreased and chemotac-
tic function does not reach adult levels until after 5 years
of age.”® Neonatal abnormalities in diapedesis-related
functions include decreased expression of adherence pro-
teins,”® abnormal deformability, adherence, aggregation
and actin polymerization?®! Cord blood neutrophils
from elective cesarean sections have normal nitroblue
tetrazolium reduction, oxygen consumption and hexose
monophosphate shunt activity.!® Unlike neutrophils
from normal newborns, neutrophils from stressed or
prewnature neonates have decreased oxidative responses
and microbial killing activity.!! This may explain the
increased number of immature forms that accompany
the neonate’s response to stress. Phagocytosis is normal or
supernormal.'® Neutrophil lactoferrin levels are reduced
in neonates and a high neutrophil turnover leads to
decreased primary granule (myeloperoxidase-containing)
content.”

Dendritic cells

Dendritic cells serve as accessory cells in initiation of pri-
mary immune responses. Dendritic cells have been iden-
tified as early as week 6 in the yolk sac.™ By 12 weeks of
gestation, they are present in the thymus, lymph nodes,
spleen and non-lyinphoid organs, where they occupy
sites distinct from those of mmacrophages.® In the fuli-
termn newborn, dendritic cells can be cultured in vitro
from cord blood hematapoietic progenitor cells.>> Mono-
nuclear phagocytes and dendritic cells have a common
precursor. In adults, dendritic cells are derived from
bone marrow hematopoietic progenitor cells.* The kinet-
ics of dendritic cell production are unclear, Some investi-
gators propose heterogeneity in dendritic cell turnover,
with rapidly and slowly dividing populations of cells in
spleen and skin.’® Most dendritic cells do not leave the
organ they enter and are presumed to die in sif12.%

Complement

Complement synthesis by fetal tissues occurs from 5.5
weeks of gestation. Complement proteins do not cross
the placenta. C3, C4 and most other components are
detectable in fetal serum by 10 weeks. Levels increase
progressively with gestational age, reaching about 50-75
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percent of maternal levels at term. As complement levels
in the maternal circulation rise during pregnancy, this
corresponds to 60-80 percent of normal adult levels.
Levels of C8 and C% are lower and may reach only 10 per-
cent of the maternal concentration at term. CI esterase
inhibitor is present in adult concentrations from 28
weeks of gestation. Preterm and low-birth-weight infants
have lower complenzent levels than term babies, but by
3 months of age, most complement levels are within
the normal adult range. Relatively low levels of C3, Fac-
tor B and other components may be responsible for the
decreased opsonic activity of neonatal serum and con-
tribute to the increased susceptibility to infection. Lack
of the febrile response and leukocytosis accompanying
infection in some babies may also be related to the low
complement comnponent levels. Besides low complement
levels, phagocytosis may be further compromised by the
partial deficiency of the complement receptor, CR3, on
the neonatal nentrophil which results in decreased adher-
ence and complement-dependent phagocytosis when the
cells are activated.'

Antigen processing and presentation
Fetal tissues express class 1 and class 1I MHC molecules
at 12 weeks of gestation.*® By this time, all the major ‘pro-
fessional” antigen-presenting cells (macrophages, B cells,
Langerhan cells, dendritic cells) are present and their
expression of class HH MHC molecules is comparable with
that in the adult.'? At terin, the fraction of blood mono-
cytes froin neonates that express HLA-DR, DP and DQ
antigens is similar to that in adults,'*'® although a subset
expresses less HLA-DR.'* Monocytes from newborns can
present soluble and particulate antigens to maternal T
cells as effectively as maternal monocytes, a response that
is class Il MEC restricted.” Fetal tissues are frequently
vigorously rejected after transplantation into non-MHC-
matched hosts. This indicates that the level of surface
MHC expression on fetal tissues is sufficient to initiate an
allogenic response by the host in which the foreign cells
are killed by cytotoxic T cells and that antigen presen-
tation by class 1 MHC for the generation of cytotoxic
T cells is infact,
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THE ONSET OF BREATHING

Before the onset of labor the respiratory system is fAuid-
filled {Chapter 3) and receives less than 10 percent of the
cardiac output.>® Recent studies using three-dimensional
ultrasound techniques have shown that the fetal fluid
FRC at term is close to the functional residual capacity
(FRC}) of the neonate after adaptation. Although there is
great variability, the median time for the onset of respi-
ratory effort is in the region of 10 seconds,*® some infants
commencing respiratory efforts immediately the thorax
is released from the birth canal.

Stimuli for the first breath

Although the fetus malces intermittent respiratory efforts
from 10 to 11 weeks of gestation,' these are usually
absent immediately before and during labor. The factors
responsible for the onset of breathing can be divided into
intrinsic and extrinsic influences,

INTRINSIC FACTORS

Occlusion of the umbilical cord of the fetal lamb elicits
gasping movements. Birth is also associated with the
removal of respiratory inhibitory mechanisms including
prostaglandins and adenosine. Unlike the fetus who is
mainly asleep, the newly born infant is usually awake.
This is probably related to the enormous surge of cate-
cholamines at birth (p. 28). Even though most of the
catecholamines do not pass the blood-brain barrier,
there is probably a parallel activation of the cerebral
noradrenergic system mainly originating from the locus
ceruleus, The norepinephrine {noradrenaline} furnover is
increased about two- to threefold in the newborn rat.** It
may be 2 little contradictory as norepinephrine inhibits

the ingpiration at a brainstem level. It is probable it is
invalved in an off-switch mechanism of the inspiratory
drive. At birth, however, the global stimulation of the
forebrain drive prabably overrides the more local effects.”
In addition, there is a switching on of genes encoding for
neurotransmitters involved in respiratory control. For
example, the expression of mRNA encoding for prepro-
tachykinin A — the precursor of substance P — is increased
about fourfold in the dorsal respiratory group of the
newborn rabbit. This increased expression was only seen
in newborn rabbits that had started to breathe.®® Increased
expression of mRNA for the SP precursor has also been
observed in the newborn rat.** SP neurons seem to play
an important role in the respiratory thythm seneration.

Activation of the CO, drive is also probably impor-
tant to allow the control system to respond to metabolic
demnands. The central chemoreceptor areas seemn to be acti-
vated at birth, as indicated by the expression of immedi-
ate early genes, such as c-fos. It is possible that skin cooling
is involved in this activation.” The peripheral chemo-
recepiors were previously believed to be activated at birth
and trigger the first breaths. Peripheral chemoreceptor
integrity, however, is not critical to this response, as
denervation of the carotid chemoreceptors did not pre-
vent the onset of respiration® and severe hypoxia, a PaO,
of 1.2kPa (9.0mmHg), stimulated inspiratory gasps even
after total peripheral chemodenervation.” The carotid bod-
ies are set at a lower PO, level and actually become silent at
birth. If the baby is severely asphyxiated, it is possible that
the peripheral chemoreceptors are activated, stimulating
gasps. The peripheral chemoreceptor drive, however, is
to some extent overridden by central hypoxic depression.

EXTRINSIC FACTORS

Cooling is probably the most important influence.
Applying cool air to the snout of a term lamb induces
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breathing™ and skin cooling results in respiratory activity
in fetal lambs.>* By contrast, nursing newborn lambs in
warm water induces apnea®® and the onset of respi-
ration is delayed in the human peonate who is born
directly into warm water. Painful stimuli such as the flick-
ing of feet often stimulates the onset of respiratory efforts,
both in animals®® and the human newborn, a feature
which has been made use of by countless generations of
obstetricians and midwives. The role of audiovisual, pro-
prioceptive and touch stimuli remains poorly defined but
may well be important, possibly by recruiting central
neurons and increasing central arousal.'® The relation-
ship of arousal to the onset of regular respiration has been
investigated in newborn lambs.”>® Careful observation
of the hwinan neonate has shown that the infant is born
hypotonic, but then develops tone often making move-
ments associated with arousal before commencing
breathing.®

The first breath
The first studies of the pressurefvolume changes associ-
ated with the first breath were carried out by Karlberg and
colleagues.” They used a water-filled catheter to measure
intrathoracic pressure and a reverse plethysmograph to
measure tidal exchange. After 97 attempts, data were
obtained on 11 infants. The time to the first breath varied
between 6 and 93 seconds and all but three infants took
more than 20 seconds. The inspiratory volume varied
from 12 to 67 ml and the inspiratory pressure ranged from
3 to 72 cmH,0.

‘OPENING PRESSURE PHENOMENON’

In five of Karlberg’s infants™ there was an apparent
opening pressure phenomenon, that is, the intrathoracic
pressure fell by more than 20 cmH,O before any volume
change occurred. In the remaining six, however, a variety
of patterns were seen; either there was no opening pres-
sure phenomenon, that is, volume entered the lung at the
samne time as pressure fell, or the first movement was
expiratory and associated with a positive intrathoracic
pressure. Milner and Saunders,*® using very similar tech-
niques except that intrathoracic pressure was measured
by an esophageal balloon mounted on a catheter, were
able to obtain data on 24 healthy newborn infants. They
also found a range of inspiratory pressures were associ-
ated with the first breath, but five infants apparently
expanded their lungs with pressures less than 20 cmH,;0
and the ‘opening pressure phenomenon’ noted by
Karlberg was rarely seen. An inspiratory volume of 40 ml
was documented, a similar value to that noted previously.”

Karlberg et al.** considered the ‘opening pressure’ to
be a normal requirement, as during the first breath an
ait—water interface forms within the alveoli and air only
enters the isolated collapsed lung once a critical pressure,
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usually above 20emH,0, is exceeded.” Karlberg” put
forward three possible mechanisms whereby lung expan-
sion occurred without an opening pressure having been
exceeded. These were: first, by outward recoil of the chest
wall as it escaped from the birth canal; second, by frog
breathing, whereby the baby manages to force air down
into his lungs by contraction of the buccal muscles; and
third, by the capillary erection.”® Jaykka®® had suggested
that distention of the lung capillaries, as the pulmonary
vascular resistance fell, had a supporting effect on the
walls of the ‘crumpled sack-like alveoli’ There have been
no observations in man to support the concept of frog
breathing and, although there has been some recent
interest in the capillary erectile theory, this effect is only
likely to occur when the lungs have been expanded and
the relative fetal hypoxia relieved. In an attewnpt to
explore the role of chest wall recoil, further measure-
ments were made commencing after delivery of the head
but while the chest and abdomen remained in the birth
canal. This proved to be a relatively simple procedure
with a high success rate and in excess of 100 measure-
ments were carried out using this approach.®"$46 It was
confirmed that during delivery the chest and abdomen
are exposed to wvery high pressures often exceeding
250 cmH,O and that the intrathoracic pressure falls to
atrospheric as the chest and abdomen escape from the
birth canal. On no occasion, however, was any chest wall
recoil effect observed (Figure 6.1}, This is not surprising,
however, as the chest wall of the neonate is a relatively
compliant structure, very dependent on muscle tone to
achieve its uormal configuration. limmediately at birth
the infant is almost always hypotonic, tone returuing just
before the onset of the first breath. These further meas-
uremeits confirmed that an ‘opening pressure’ phenom-
enon was rarely seen. The lack of an opening pressure at
the onset of inspiration was predictable as, immediately
at birth, the air—water interface is not at the terminal
bronchioles but in the pharynx.

INSPIRATORY PRESSURE

A number of the measurements by both Karlberg’s and
Milner’s group had suggested that some infants
expanded their lungs at birth with pressures of less than
20cmH,0. Some of the measurements, however, might
have been artifactual as it has been well demonstrated
that unless the pressure-sensing device lies in the lower
third of the esophagus, intrathoracic pressure changes
can be underestimated. It was obviously not possible in
the short time available during the infant’s birth to be
sure that the balloon or water-filled catheter was cor-
rectly placed. To overcome that problem, a further series
of measurements were made using a catheter onto which
two micropressure transducers were mounted 5 ¢m apart,
Attempts were made to position the catheter with the
distal transducer in the stomach as evidenced by positive
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Table 6.1 Definitive first breath Karlberg’s study® had established an FRC. Three sub-
;L A8,61,64 :
Pl PE Vi FRC  Squeeze sequent studies have cpnﬁrnled.an FRC is formed
(cmH,0} fcmH,0) (ml) (ml)  {cmH,0} in mote than 95 percent of infants, with values of l.8ml
and 15.1 ml and a range of 1-32ml. Although no direct
Mean  —52.3 71.3 377151 145 relationship between the magnitude of the first inspira-
Range —28tfo —105 18-115 6.5-69 (-32 88-264 tory pressure and the FRC was demonstrated, there was
Median -38.6 72 36.5 152 128

pressuie measurements. Such a pesition for the distal
transducer would ensure that the more proximal trans-
ducer lay in the lower third of the esophagus, this swould be
confirmed by negative pressure recordings. Satisfactory
stomach and esophageal pressure changes associated
with the first breath were collected from 24 of 50 vaginal
deliveries.®® Although the inspiratory volume (mean
37.7 ml, range 6.5-69 ml) was very similar to that docu-
mented previously,” the mean inspiratory pressure was
52.3cmH,0 (median 38.6 cmH,0, range 28-105cmH,0)
(Table 6.1). These data argue that the pressures of less
than 20 cmH,0 found in previous studies*®® were indeed
artifactual and almost certainly the result of incorrect
olacement of the esophageal pressure measuring device,

EXPIRATORY PRESSURE

The first expiration is almost always active and pressures
ranging from 18 to 115cmH,O can be generated (Figure
6.1).%% This pressure change, representing the first cry, is
often prolonged, compared to the first inspiration. It may
be important both in aiding ventilation distribution and
helping clear further fluid from the lungs.

FORMATION OF FRC

Initial data on the formation of the FRC obtained by
cineradiography studies on healthy newborn babies®!
indicated that there was often evidence of aeration after
the first breath, whereas only seven of the 11 infants in

a significant relationship between the product of the
inspiratory pressure and inspiratory time and both
the inspiratory volume and the formation of an FRC.
Plethysmographic studies'! showed that by 2 hours the
FRC increased tc a mean of 32.2 ml/kg, that is, in excess
of 110 ml for a 3.5 kg baby. Ne significant further change
occurred over the subsequent 48 hours.

The effects of delivery by cesarean section
without and with labor

Delivery by elective cesarean section is associated with
first breaths of similar inspiratory pressure and volume
as occurred following vaginal delivery.®* Those data were
obtained from 12 term infants; an esophageal pressure
transducer system was passed through the baby’s mouth
as soon as the infant’s head was delivered through the
uterine incision and a face mask preumotachograph
applied to the infant’s face before the chest and trunk
were delivered through the uterine incision. The mean
chest wall compression recorded was 72.7 cmH-O (range
18-113 caH,O), but this was applied for less than 10
seconds. The mean inspiratory pressure was 40 cmH,0O
and inspiratory volume 33.4ml In only five of the 11
infants in whom these data could be obtained was an
FRC achieved, the mean value was 10.8§ ml. Measurements
by total body plethysmograph revealed that at 2-6 hours,
the FRC was only 21.6 ml/kg in babies born by cesarean
section compared to 32.2mlfkg in vagmally delivered
babies. At 42~34 hours the FRC in the former group had
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risen to 30.4ml/kg.? The failure of infants born by
cesarean section to form an FRC has been recognized for
many years. Flagg?® wrote that ‘cesarean section in which
compression of the chest had not taken place leaves the
child’s respiratory tract filled with fluid, much of which
1s inhaled’

Infants born by emergency cesarean section had an
FRC at 26 hours of 28.3 1ni, that is, intermediate between
vaginally and elective cesarean section delivered infants.
Their FRC rose to 35.51nl by 18-30 hours, identical to
the vaginally delivered babies.!! These data suggest that
both exposure to labor with the associated high catechol-
amine levels and passage down the birth canal aid in the
formation of the FRC. Studies of crying vital capacity, the
volume of air expelled during a vigorous induced cry,
have demonstrated this also to be significantly lower in
the infants born by cesarean section rather than by vaginal
delivery.'*

In conflict with these findings are studies by Mortola
and colleagues,” who found that the FRC after the first
breath after cesarean section was similar to that after
vaginal delivery. Sandberg et al.® were unable to show
any significant effect of mode of delivery on FRC meas-
ured at 2 and 26 hours of age using a nitrogen washout
technique, but did find that thoracic gas volume (TGV)
measured by body plethysmography was significantly
Jower in the cesarean section infants at 26 hours.
Lodrup-Carlsen and Carlsen®® were also unable to detect
any effect of mode of delivery on respiratory system
compliance or resistance in the first 4 days of life,

Prenatal epinephrine {adrenaline) infusions, however,
led to improvements in postnatal blood gases in lambs
born by cesarean section® and in a randomized controlled
trial terbutaline given intravenously to the mother for 2
hours prior to elective cesarean section led to significant
improvements in lung compliance and resistance in the
babies compared to controls given only saline.”

In view of these conflicting results, a further series of
postnatal lung volume measuremments were carried out
using both gas dilution {argon) and total body plethys-
mography.*! Twenty infants were studied, 10 of whom
were born by elective cesarean section. Although the
reduction in TGV at 4-6 hours of age in the cesarean sec-
tioned infants compared to those born vaginally failed to
reach significance (23.1 vs 26.7ml/kg, P = 0.08); only
infants born by cesarean section had a significant
increase in TGV between 4-6 and 24 hours. There was
no significant difference in the results of the gas dilution
FRC measurements between infants born by different
modes of delivery (Figure 6.2). The differences between
this study and the one carried out in 1981 by Boon and
colleagues'' may be due to improvements in obstetric
anesthesia but continue to support the concept that fail-
ure of exposure to high levels of catechclamines during
labor and delivery by cesarean section does place the
newly born infant at a disadvantage.
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Figure 6.2 Thoracic gas volume changes in the hours after
birth in babies born by normal vaginal delivery (TGV,} and
after elective cesarean section delivery (TGV,) fmean +1sp).
Onfy in the infants born by cesarean section is there

a significant increase in TGV between 4 and 24 hours
{from Lee et al.??).

Air trapping in the immediate
neonatal period

A number of studies®®* have suggested that the resting
lung volume {FRC} in the neonatal period when meas-
ured by gas dilution techniques is at least 30 percent
lower than values obtained using a total body plethysimo-
graph. One possible explanation for the differences is
that the gas dilution techniques are usually performed
under hyperoxic conditions, possibly leading to atelecta-
sis, while the plethysmographic measurements have all
been carried out while the infants are breathing air. This
explanation, however, was not substantiated, as the results
were similar when the measurements when repeated in
either air or in 100 percent oxygen." The gas dilution
technique, unlike the plethysmographic method, only
measures the volume of gas in direct contact with the cen-
tral airways, thus an alternative hypothesis is that there is
a significant amount of trapped gas in the lung immedi-
ately afier birth.%? It is likely, although unproven, that the
trapped gas may be due to fluid within the sinall airways.®
No studies have been carried out to assess the duration of
this ‘trapped gas’ but measurements carried out on asymp-
tomatic preterm babies over the age of 6 months have
shown that the gas dilution FRC is then often within 10
percent of the plethysinographic lung volume.

CARDIOVASCULAR ADAPTATION AT BIRTH

During fetal life the lungs do not gas exchange and are
bypassed by the circulation. In late gestation, 40 percent
of the cardiac output goes to the placenta where gas
exchange does take place. Two vascular shunts, the duc-
tus venosus on the venous side of the circulation and the
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ductus arteriosus on the arterial side of the circulation,
facilitate oxygenated blood avoiding the liver and lungs,
respectively.

Closure of the ductus venosus

Blood from the umbilical vein can pass via the ductus
venosus directly to the inferior vena cava (IVC); approxi-
mately 50 percent of the umbilical venous blood takes that
route in the fetal lamb., After birth there is a large drop in
blood flow through the ductus venosus, as 95 percent of
the blood previously came via the umbilical vein.?! Within
hours of birth, this change is associated with functional
closure of the ductus venosus occurring by retraction and
inlet parrowing.*’ In the human, however, the ductus
venosus can potentially reopen for days,® permanent
obliteration by proliferation of connective tissue filling the
lumen only being complete by 20 days.*’ It is unlikely that
this is brought about by changes in prostaglandin levels.'

Closure of the ductus arteriosus

The ductus arteriosus connects the pulmonary artery to
the descending aorta. It is made up of smooth muscle
and patency in the fetus is maintained by both circulat-
ing and locally produced prostaglandins {PGE; and PGI,).
Constriction of the ductus begins soon after the onset of
breathing and is complete in humans by 15 hours.!® This
is partly due to the increase in the oxygen tension of the
blood perfusing the ductus. The sensitivity of the ductus
to oxygen develops in the last trimester of pregnancy.'®
Ductal closure is also mediated by reduction in
prostaglandin levels due to an increased catabolism of
PGE, by the lung at higher gestational ages'® and a higher
rate of clearance with elevation of pulmonary blood flow
at birth, The sensitivity of the ductus to PGE, and PGI,
also decreases. In addition, ductal closure is facilitated by
the decrease in pulmonary artery pressure.'’

Changes in pulmonary blood flow and
pulmonary vascular resistance

Before birth the pulmonary vascular resistance is higher
than systernic and this results in an 80-90 percent right-
to-left shunt.*® The fetal pulmonary vessels are chemo-
reactive from mid-gestation and their sensitivity increases
with advancing gestational age.”” Hypoxia and acidosis
increase constriction, whereas oxygen, acetylcholine and
bradykinin stimulate dilation. At birth, the pulmonary
vascular resistance falls rapidly to approximately 10 per-
cent of fetal values and pulmonary blood flow increases
tenfold.® There are two mechanisms: relief of hypoxia™
and lung expansion.’? Although perfusion of unventi-
lated lungs by oxygenated blood and lung expansion with
oxygenated liquids can cause vasodilation,”>*® a response

also occurs following lung expansion with both air and
100 percent nitrogen. The mechanical effect results from
the creation of surface forces at the gas-liquid interface
within the alveoli; this physically expands small blood
vessels and decreases perivascular pressure.®® In add-
ition, repeated expansion of the lung**** stimulates the
pulmonary production of prostaglandins. The pul-
monary vasodilation occurs in two stages, a rapid com-
ponent due to mechanical vasodilation and a slow one
effected by elevation of prostaglandin levels. The pul-
monary artery pressure falls fron about 60 mmHg at
birth to 30 mmHg by 24 hours of age.” The fall in pul-
monary vascular resistance is associated with an increase
in pulmonary blood flow.”® Measurements using the
argon, freon re-breathing method'” have shown that the
effective pulmonary blood flow, that is, the blood flow
in contact with the alveoli, rises from 78 ml/kg/min at
between 2 and 6 hours to 160 mi/kg/min at 72 hours of
age in healthy full-term babies. Color and quantitative
Doppler echocardiography studies in the first 24 hours
after birth have facilitated documentation of differences
in the rate of cardiac output, left pulmonary artery
flow, aortopulmonary pressure difference, ductal flow
and ductal flow characteristics between infants with and
without respiratory distress.®® In healthy infants, the
majority of changes had occurred by 8 hours after birth,
although there was some degree of right-to-left ductal
shunting even up to 12 hours after bicth. In infants with
respiratory failure, however, there was a significant delay
m ductal closure and a high incidence of persistent pul-
monary hypertension (Figure 6.3},
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Figure 6.3 Ductal diameter of term infants in the first 24
hours of life. o, controls; M, mechanical ventilation (MV); ¥,
ventilated infants qualifying far ECMO (ECMO); ¥, controls
versus MV and ECMO infants (P < 0.007); ¥, ECMO versus MV
infants (P < 0.025); A, ECMO versus MV infants (P < 0.001).
{Reproduced from Walther et al. 1933}
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Figure 6.4 Pulmonary vascular resistance as measured by
the ratio of time ta peak ejection velocity to right
ventricular systolic ejection time (TPV/RVET) and mean
expired nitric axide concentration (ENQ) in the hours affer
birth (mean +7 se). Qver the first 24 hours there is an
ingrease in the TPV/RVET but no change in the ENO.
Subsequently both the ENO and the ratio increase with lime
{from Aiton, 1998).

An important factor in the adaptation process is the
balance between endogenous nitric oxide (NO}, a smooth
muscle relaxant and endothelin-1, an endothelium-
derived contracting factor (p. 376). NO plasma meta-
bolites (nitrites and nitrates) were found to be low at
birth, but rose over the subsequent hours and days, while
endothelin-1 fell with age.?®* The same group have
shown that the ratio of NO metabolites to ET-1 was
inversely related to the pulmonary artery pressure
measured by pulsed Doppler.”” Biban and colleagues®
were unable to show any significant change in expired NO
levels over the first 48 hours of age and no correlation
between expired NO and plasma NO 1netabolites.
However, Aiton and colleagues’ found that, although the
expired NO levels did not alter over the first 24 hours of
age, there was then a significant and progressive increase.
The pulmonary circulation, as assessed by pulmonary
artery pressure (pulsed Doppler) and effective pulmonary
blood flow measurements, increased progressively from
birth. These changes were related to the expired NO lev-
els, but only after 24 hours of age (Figure 6.4). These find-
ings suggest that endogenous NO is not respaonsible for
the initial drop in pulmonary vascular resistance, but is
important subsequently.

Closure of the foramen ovale

At birth the left atrial pressure rises due to the increase in
pulmenary blood flow, while at the same time the right
atrial pressure falls due to cessation of the circulation from
the placenta. This alteration in pressures occurs within the
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first few breaths and is associated with functional closure
of the foramen ovale.® Permanent closure, which is
brought about by fixation of the valve to the interatrial
septum, can take months.

Changes in cardiac output
Cardiac outputi is highest 1 hour after birth; the increase,
however, is short lived, lasting only for 4 howrs.®® This
increase is dependent on the prenatal influence of thyroid
hormone.'? Cardiac output stabilizes by 24 hours of age.”
The cardiac output of the full-term infant on the first day
is relatively greater than that of older children and
adults.” The high cardiac output of the newborn is due to
a greater heart rate. The cardiac output is higher follow-
ing vaginal delivery than cesarean section and in prema-
turely born children corrected for body weight.’%¢

GASEOUS EXCHANGE AND BLOOD GASES
AT BIRTH

Gaseous exchange in healthy term and preterm infants
has been investigated Dy collection of expired gases over
15 second intervals from immediately after birth.”* The
mean oxygen uptake rose from 7 mlfkg/min at 15 sec-
onds to nearly 12 ml/kg/min at 2 minutes, then fell back
to 8 ml/kg/min by 5minutes. Carbon dioxide elimin-
ation closely mimicked these changes rising from
6.5 ml/kg/min at 15 seconds to 10 ml/kg/min by 2 min-
utes. Infants born by cesarean section had a much slower
rise in CO, excretion, remaining below 6 ml/kg/min for
the first 90 seconds, but then rising to 8-9 ml/kg/min
by 4 minutes of age. Interestingly, the preterm infants
showed a very similar pattern of CO, excretion rate
changes to the term infants delivered by cesarean section.
The CO; excretion patterns are of particular interest, as
they are affected by changes in both pulmonary blood
flow and ventilation.

Improvements in arterial oxygenation in the minutes
after delivery have been documented by oximetry.
Arterial saturation rose fromn 61 percent at 1 minute to in
excess of 85 percent by 5 minutes of age in 32 full-term
infants born by vaginal delivery.* In 44 infants born by
cesarean section, however, the initial saturation was sig-
nificantly lower at 48 percent at 1 minute, but rose to
greater than 85 percent by 7 minutes of age. A subse-
quent study™ found that in infants born cesarean section
the saturation, as measured by an oximeter mounted on
the right hand, rose from 20 percent at 1 minute to over
90 percent by 4 minutes, while the saturation as meas-
ured on the right foot was initially less than 10 and took
over 10 minutes to rise to above 90 percent. These data
indicate the presence of right-to-left shunting at ductal
level aver the first few minutes of life.
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Clinical assessment

ANNE GREENOUGH, with contributions from NRC ROBERTON

Observation 69
Listening 70

Palpation 71

Although the infant’s main problem is in their respiratory
system, it is obviously important to observe and examine
the whole infant. This is not only to assess their general
status and need for supportive therapy, but also to detect
abnormal signs that could suggest or help to confirm the
diagnosis of the respiratory problem. For example, Potter’s
facies and/or contractures can be seen in infants with pul-
monary hypoplasia (Chapter 32), meconiun: staining in
infants with ineconium aspivation syndrome (Chapter 23),
the presence of petechiae could indicate congenital infec-
tion with pneumonia (Chapter 21) and an abnormal pos-
ture is suggestive of a neuromuscular disorder (Chapter
36). Similarly, on examination, the finding of hepatos-
plenomegaly might indicate congenital infection. It is
important, however, to distinguish an enlarged liver and
spleen from organs which have been pushed down by the
diaphragm in a tension pneumothorax (p. 312); in the lat-
ter scenario there may also be a color change above and
below the diaphragim. The great vessels can be ‘nipped’ as
they go through the diaphragm distorted by a tension
pneumothorax; as a consequence the bottom half of
the body is very pale and the top half cyanosed. The
adequacy of the infant’s perfusion should be assessed.
This is particularly important in infants with persistent
pulmonary hypertension of the newborn (PPHN) {p. 9).
The rate of capillary refill after blanching the skin should
be deterinined;’ delayed refill suggests that the infant is
hypovolemic.

A thorough examination of the respiratory system is
essential to facilitate the diagnostic process and to
monitor progress and the response to treatment.

Percussion 71
References 71
OBSERVATION

The infant’s chest should be inspected to assess the shape,
which will be abnormal in conditions such as asphyxiating
thoracic dystrophy {p. 506}. It is also to determine the
ratio of the infant’s chest to abd omen; this will be reduced
in infants with pulmonary hypoplasia (p. 455},

Color
It is important to determine whethier the infant is centrally
cyanosed and this is detected by looking at the central
mucosal surface, This, however, can be difficult, depending
on the infant’s pigmentation. In addition, healthy infants
can show acrocyanosis for several days after delivery; this
can particularly be a problem if they are polycythemic or
have suffered facial traumatic cyanosis at delivery.

Chest wall movement

Key to effective resuscitation is to ensure that the infant’s
chest is being inflated; the same rule applies during con-
ventional ventilation. Sufficient peak inflating pressure
should be used during conventional ventilation to ensure
there is visible chest wall expansion, then the appropri-
ateness of the settings checked by analysis of an arter-
tal blood gas sample. During high-frequency oscillation
(HFQ), smaller tidal volumes are used? and in HFO-
supported infants the observation which should be made
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is whether the chest wall is ‘bouncing, that is, the oscilla-
tory amplitude is adequate (p. 175). A gradual reduction
in bounce without any change in the oscillator settings
may indicate that the endotracheal tube is blocking and
suction is required, whereas a sudden change may occwr
if there is endotracheal displacement or the development
of a large air leak. The respective timings of inspiration
and expiration can be determined by observation of the
chest wall movement. Expiration is longer than inspira-
tion,? but if very prolonged this has implications for choice
of therapy and ventilator settings.

INFANT VENTILATOR INTERACTION

The spontaneous respiratory efforts of infants interact
with positive pressure inflations in a variety of patterns
(p- 159).° One of these patterns, active expiration, pre-
cedes the development of an air leak. This can be detected
by observing the infant’s respiratory efforts during venti-
lation, by noting the timing of each inflation to the direc-
tion of the chest wall movermnent.* Instead of the infant’s
chest moving upwards with each inflation, if the infant is
actively expiring then the chest moves downwards. The
optimal interaction is synchrony, that is, inflation and
inspiration coincide, if the infant is completely synchron-
ous then it should not be possible to detect the infant’s
respiratory efforts from ventilator inflations. If the infant’s
respiratory efforts are distinct from ventilator inflations,
ventilator rate and inflation time manipulation (see below)
should be reviewed. In addition, it should be investigated
whether there are unwanted stimuli to the infant’s respira-
tory efforts, for example, has the infant developed a
respiratory acidosis or is the level of sedationfanalgesia
inadequate,

Rate

A respiratory rate greater than 60 breaths/min is con-
sidered abnormal, although there is considerable variation
in the respiratory rate of healthy neonates. A persistently
elevated respiratory rate may be the only sign of mild
pulmonary hypoplasia.' A raised respiratory rate may not
only be the consequence of lung disease, but can also be
found, for example, in infants with heart failure (p. 387)
or CNS disorders. Observation of the infant’s respiratory
rate is important in choosing a ventilator rate most likely
to promote synchrony (p. 159). The ventilator rate must be
above, but close to, the infant’s respiratory rate.® During
synchronized intermittent positive pressure ventilation
(SIPPV}, it is important to observe whether the triggered
breath rate exceeds the back-up rate; if the two are similar,
this indicates that use of SIPPV is inappropriate for the
infant at that time. Explanations include that the infant
remains sedated from medications used during conven-
tional ventilation {p. 208} or an inappropriate triggering
system is being used.? Some infants have poor respiratory
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efforts because of their prematurity and administration
of a methylxanthine can improve the success of SIPPV.

Dyspnea
The signs of dyspnea include sternal retraction and inter-
costals recession and are the manifestation of diaphrag-
matic contractions trying to expand non-compliant lungs.
The sternal retraction is directly due to the diaphragmatic
traction on it and the recession is caused by the hypo-
tonic intercostals being pulled inwards by the negative
intrathoracic pressure during inspiration. In addition,
infants may have suprasternal in-drawing and flaring of
the alae nasae. They may also exhibit see-saw respiration,
that is, abdominal expansion occurs at the same time as
sternal recession, the expansion of the abdomen result-
ing from the downward movement of the diaphiragm.

Dyspnea in association with worsening blood gases is
an indication for increasing the infant’s level of support.
During SIPPV, if an infant is making obvious respiratory
efforts prior to each positive pressure inflation, then the
trigger delay is too long. Under such circumstances, an
insufficient amount of the infant’s respiratory effort is
supported by positive pressure and the infant may develop
a metabolic acidosis or become so exhausted that they
fail to trigger the ventilator and become dependent on
the back-up rate (see above).

TRANSILLUMINATION

Transilluminating the infant’s chest with a fiberoptic
bright light can detect collections of intrapleural aic.” In
the absence of an air leak, there is only a 0.5-1.0 cmn halo of
light around the probe. If there is a large tension pneumo-
thorax in a very imumature infant, then the whole of
the hemithorax will “light up’ The technique works less
well in mature infants, as they have thicker chest walls
and severe pulmonary interstitial emphysema (PIE} or
lobar emphysema may be mistaken for a pneumothorax.
Thus, unless the infant’s condition is very poor, a rapidly
obtained chest radiograph is the betier method of diag-
nosing the presence and type of an air leak. Tt also has the
advantage, that if an air leak is present, then the radio-
grapher is on hand to perform further radiography of the
infant to check the position of the chest drain tip.

LISTENING

Infants with RDS grunt. The infant keeps his vocal cords
abducted throughout most of the expiratory cycle, but at
the end of expiration the laryngeal adductors relax and the
grunt is the explosive exhalation that follows. It is import-
ant to remember, however, that grunting is not patho-
gnomonic of RDS, but is heard in infants with other
conditions in which there is a low lung volume (p. 252).
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Stridor can be a transient noise following overvigorous
resuscitation or, if prolonged, a sign of a congenital anom-
aly or a worrying complication of intubation (p. 438).

Auscuitation
It is inportant to ensure that there is bilateral symmet-
rical air entry, The commonest reason for asymmetrical
air entry is a misplaced endotracheal tube down the right
main bronchus. After intubating an infant, it is therefore
important to observe good chest wall expansion (p. 154)
and then to listen to both sides of the chest. If the air entry
is poorer on the right, then the endotracheal tube should be
slightly withdrawn and the quality of air entry reassessed.
If the endotracheal tube has mistakenly been placed in
the esophagus, the ‘sound’ of inflation can be transmitted
from the abdomen, so hearing inflations in the chest does
not guarantee appropriate endotracheal tube placement.
It is, therefore, important to assess chest wall expansion
{see above) and to determine the infant’s response to the
intubation from continuous monitoring. Not surpris-
ingly, sick, prematurely born infants are frequently intoler-
ant of malplaced endotracheal tubes, If the sound of
inflation is louder over the abdomen than the chest, the
diagnosis is clear. Care should be taken to listen for mur-
murs which could indicate that the infant’s cyanosis is
due fo congenital heart disease (p. 387) or that a venti-
lated, prematurely born infant’s worsening respiratory
status is explained by a large patent ductus arteriosus,
Added sounds may be present, but are often non-
specific. For example, crepitations can occur in infants
with heart failure or pnewmonia. Wheezing is uncommon,
but can occur in older infants with chronic lung disease
and may then indicate that treatment with bronchodila-
tors might be useful {p. 412). Rarely, bowel scunds are
heard in the chest and indicate the presence of a con-
genital diaphragmatic hernia.

PALPATION

Displacement of the mediastinuin, for example by a large
pneumothorax, can be detected by deviation of the
trachea and an abnormal position of the apex beat. For
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obvious reasons, these abnormal signs are difficult to
elicit in a very small, prematurely born infant. Infants with
massive air leaks may have subcutaneous emphysema
{p- 311}, giving the characteristic crackly feeling in the
skin. When palpating the infant’s chest, it is important to
note whether there is chest wall ederna; if this is severe it
will greatly reduce the infant’s respiratory system com-
pliance and higher peak pressures will be needed to
adequately inflate the infant’s chest.

PERCUSSION

Areas of dullness can be detected by percussion and indi-
cate consolidation or a large effusion. The percussion note
is resonant over the hemithorax, if a large pneumothorax
is present.
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Necnatal respiratory infection remains an important cause
of morbidity and mortality. While the incidence of infec-
tion in otherwise healthy full-term neonates is estimated to
be 1 percent or less, it is at least 10 percent in infants requir-
ing intensive care.'® Pneumonia in the neonatal period
frequently presents as part of disseminated multisystern
infection. Acquisition may occur by: transplacental trans-
fer of an infecting agent in utero: as a result of ascending
infection; aspiration of vaginal and perineal organisms
during birth and postnatal contact with family members,
healthcare workers and colonized medical devices or
equipment. Bloodstream infections from distant sources
may spread to the lungs and aspiration of oropharyngeal
contents may occur. Classification of neonatal respiratory
infections by route of acquisition is useful for understand-
ing their pathogenesis and epidemiology, but less helpful
when considering the nature and timing of the clinical
presentation. For example, perinatally acquired infections
such as Chiamydia trachomatis may not present for several
weeks. Neonates are uniquely predisposed to respiratory
infection because of immature lung function and cellular
and humoral immune responses (Chapter 5), problems
exacerbated by prematurity. The need for intravascular
access, invasive procedures and mechanical ventilation fur-
ther compromises the integrity of fragile neonatal skin and
respiratory defenses by providing portals of entry via
which colonizing organisms may establish systemic infec-
tion. The reduced respiratory reserve in infants with
chronic lung disease renders them susceptible to deteriora-
tion in the face of superadded infection.*

INVESTIGATION

Clinical features of pneumonta in the neonate are often
non-specific, at least in the early stages. The microbiological
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investigation of pneumonia is therefore part of a ‘septic
screen, One of the main problems facing clinicians is the
lack of sensitive and specific rapid tests for identifying
many infecting agents. When results of cultures become
available, they have to be interpreted retrospectively in
the light of the patient’s condition when the specimens
were collected and subsequent clinical progress, [t can be
impossible to distinguish between colonizing and infect-
ing organisms from specimens {rom non-sterile sites.
Given the non-specific presentation of many infective
episodes (n hospitalized neonates and the delay inherent
in standard microbiological investigations, other labora-
tory indices are used as markers of infection, although
they are not specific for pneumonia. No individual test or
combination of tests, however, has sufficient sensitivity
or specificity to exclude infection at the time the neonate
clinically deteriorates,

Blood culture
The utility of blood culture in the diagnosis of early
onset neonatal pneumonia was shown by Webber et af,,*
who found that 46 percent of infants had positive blood
cultures, although the rate was less (17 percent) for
infants with late-onset pneumonia. These rates compare
favorably with the less than 16 percent blood culture pos-
itive rate found in adults with community-acquired
pneumonia.®

Blood for culture should ideally be collected by vene-
puncture of a peripheral vein after skin disinfection. The
skin should be allowed to dry to give the agent time to
kill vegetative bacteria. The sensitivity of blooad culture
increases with the volume of blood cultured. Sometimes,
lack of venous access makes it necessary to collect blood
cultures from indwelling intravascular lines. Cultures pos-
itive for organisms that are both common contaminants



and common causes of infection, such as coagulase-
negative staphylococci, can be difficult to interpret, espe-
cially if the signs of infection are equivocal, Most blood
cultures will becorne positive in the first 2448 hours, but
organisms such as Candida species may take longer to
grow. One study noted that in four of 34 candidemic
neconates, the iitial blood culture had taken more than
4 days to become positive.? Recovery of organisms is also
affected by antibiotic treatment. Cultures should be
repeated if there is any doubt about the significance of an
organism or if the patient continues to show signs of
sepsis despite negative blood cultures and empirical
antibiotic treatiment.

Automated c¢ontinuously monitored blood culture
systems (which detect carbon dioxide produced by
microbial metabolism) are available in inany micro-
biology laboratories. Early systems required radioactive
culture media, but have been superseded by systems uti-
lizing non-radiometric methods such as colorimetry or
fluorescence. The absolute concentration of carbon diox-
ide in inoculated blood culture botiles and changes in
carbon dioxide levels over time are monitored approxi-
mately every 20 minutes. When a specimen exceeds the
threshold level, the system alerts laboratory staff, who
then perform a Gram’s stain and culture. The advantages
over manual methods are more rapid growth detection
and a reduced chance of contaminating bottles by
repeated subculture, Manufacturers supply a variety of
media including Dottles suitable for pediatric use, The
latter are formulated to provide optimal blood-broth
dilution for recovery of organisms from small volumes of
blood (which may be as small as 0.5ml in a neonate,
although 1 mi shouid be the minimum veluine). Modern
systemis compare with the Isolator tube method in their
sensitivity for the detection of fungi.*!* Manual methods
are still in use in laboratories in areas of the world where
the capital and maintenance costs of automated systems
are prohibitive.

Respiratory tract specimens

The problems of interpreting culture results of speci-
mens obtained from the neconatal respiratory tract are
well recognized. Sherman et al.?”* suggested that Gram’s
stain and culture of tracheal secretions obtained within
12 hours of birth was helpful in the diagnosis of early
onset bacteremia and pneumeonia, although the sensitiv-
ity was limited. Several studies have shown that beyond
the first day after birth, culture of tracheal secretions is
neither sensitive nor specific for identifying the cause of
sepsis in infants requiring intensive care. A large study
assessing the utility of surface cultures in predicting
the cause of systemic sepsis found that endotracheal
secretions obtained on the day of blood culture had
59 percent sensitivity and 74 percent specificity and
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the sensitivity of routine surveillance cultures was only
26 percent.’® Slagle et al.?? found that routine tracheal
cultures predicted the cause of late onset bacteremia in
only 19 percent of cases. Another prospective study, which
specifically examined pneuinonia, found that respiratory
cultures predicted the cause of bacteremia in only one
case of seven episodes of bacteremic late-onset infection,
and would have led to inappropriate antibiotic therapy in
four cases.*

The problems of diagnosing ventilator-associated
pnewnonia in adults have led to the controversial use of
quantitative cultures of lower respiratory tract specimens
collected bronchoscopically. Fagon ef 4l '* demonstrated
a good correlation between histological pneumonia and
the results of quantitative culture and also showed
improved outcome for invasively investigated patients
compared with those who received standard care.'” Due
to the technical difficulties and risks inherent in obtaining
good quality lower respiratory tract specimens in very
small infants, there are few published data about the use
of quantitative cultures in ventilated neonates. Ruderman
et al?? examined quantitative cultures of tracheal aspi-
rates In infants more than 24 hours old who required
intubation; they found that greater than 10° organistns/ml
in the aspirate was 100 percent specific and 75 percent
sensitive for the diagnosis of clinical pneumonia. The study,
however, was small and the results were less encouraging
for infants who were already intubated at the time the
diagnosis was suspected. The results of bacterial respira-
tory tract cultures after the frst few hours of life are
insufficiently predictive of the cause of sepsis to guide
antibiotic treatment.

If pertussis is suspected clinically, the investigation of
choice is culture. A calcium alginate swab of the posterior
nasopharynx or a fresh nasopharyngeal aspirate is suit-
able. The samples should be cultured as soon as possible
after collection.

Chiamydia trachomatis ppeumonia can be diagnosed
by inoculation of nasopharyngeal secretions inta tissue
culture and demonstration of intracytoplasmic inclu-
sions.”® The sensitivity of culture is highly dependent on
technical expertise and is only offered by specialist labo-
ratories. Although highly sensitive, automated DNA
amplification methods are not suitable for nasopharyn-
geal spectmens. Interpretation of direct fluorescent anti-
body stains of infected material is subjective and requires
considerable expertise.”® The most reliable way to diag-
nose the infection is serologically.

Viruses such as respiratory syncytial virus (RSV),
influenza and parainfluenza can be cultured from
nasopharyngeal aspirates. Several sensitive and specific
rapid techniques are available, including detection of
virus-infected cells by immunofluorescence or enzyme
immunoassay and amplification of virus-specific
sequences in clinical material by polymerase chain
reaction.>**
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Specimens from other sites

CEREBROSPINAL FLUID

Cerebrospinal fluid {CSF) should always be collected as
part of a septic screen unless there are clear contraindica-
tions or the site of infection is clinically obvicus.
Bacteremic pneumonia may spread hematogenously to
the meninges. If viral infection is suspected, CSF should
be submitted for virus culture and, if appropriate, for
polyinerase chain reaction {(PCR}-based viral nucleic
acid detection (enteroviruses, herpes simplex virus).

URINE

Culture of urine for cytomegalovirus (CMV) should be
performed in the case of suspected congenital infection
and conventional culture should be carried out in cases
of late-onset sepsis.

SURFACE SITES

The use of surface cultures to predict both early- and
late-onset infections has been discredited. Evans ef al.'?
showed that the overall sensitivity, specificity and positive
predictive value of surface cultures for sepsis were, at best,
56, 82 and 7.5 percent, respectively. Thompson ez al™'
found that the ear canal, but not other sites, was always
positive in cases of group B streptococcal {GBS) sepsis
and Dobson et ai."" found no cases of early-onset sepsis
which were missed by culturing the ear canal and throat
only. The ear canal may contain infected residual amni-
otic fluid. In Dobson’s study, late-onset sepsis rates did
not change after all surface cultures {except for a weekly
endotracheal sample for infection control surveillance)
ceased, The costs and work involved in collecting and
processing multiple superficial specimens are not justi-
fied in terms of diagnostic yield, Surface cultures should
be performed for specific clinical reasons only, such as the
diagnosis of skin sepsis or viral culture of possible her-
petic lesions. Throat swabs in viral transport medium
should be submitted if mucosal lesions suggestive of het-
pes simplex are present or enterovirus or adenovirus
infection is suspected (a stool samnple should also be sent).

STOOL SAMPLES

Enterovirus and adenovirus can be isolated from stool
samples. Caution is required, however, in the interpreta-
tion of positive isolates for adenovirus, as only some sub-
types will cause diarrhea. Listeria monocytogenes can be
isolated from the first meconium passed by an infected
infant {p. 287).

The total white cell count is subject to wide normal vari-
ation and is influenced by many non-infective factors.
Neutrophil counts are more helpful and a low abgyfuge

neutrephil count accompanied by an elevated ratio of
immature forms:total neutrophil count (LT ratio) of
more than 0.2 is highly suggestive of infection.”'® Throm-
bocytopenia is seen in about 50 percent of neonates who
have proven bacterial sepsis but this may not be detected
until the clinical manifestations are obvious.” It is also
non-specific and is seen in ventilated infants who do not
have infection.' Eosinophilia in the setting of pnearnonia
suggests Chlamydia trachomatis infection.?

C-Reactive protein

Elevated levels of C-reactive protein {CRP} in serum
have not been found to be helpful in the early diagnosis
of infection. Mathers and Pohlandt?® showed that a rise
in CRP lagged behind the appearance of an abnormal I:'T
ratio in infected infants and others have demonstrated
a delay between the appearance of signs and a rise in the
CRP' Serial measurements appear more useful than
single determinations as persistently normal CRP levels
during and after an episode of suspected sepsis make it
very unlikely that infection is genuinely present.?!

Indirect and non-culture methods

Antigen detection tests for the detection of GBS antigen in
body fluids, including urine, have been used as rapid diag-
nostic methods. Commercial kits, using antibody-coated
latex beads, are available. Doubt has been cast on their use-
fulness as screening test in infants with risk factors for
GBS sepsis.**** Williamson and colleagues® found that,
although sensitive, the test had a false-positive rate of 30
percent and a specificity of only 70 percent using a case def-
inition which included positive surface swabs in an appro-
priate clinical setting. The Food and Drug Adininistration
in the USA does not recommend urinary antigen testing.*

Serological tests

These are sometimes used to diagnose infections for which
no other suitable technique exists. Determinations of
changing titers of antibody, however, can be difficult to
interpret in the presence of maternal antibody. The
demonstration of disease-specific IgM is helpful in 2 num-
ber of situations. Anti-rubella IgM confirms the diagnosis
in neonates suspected of having congenital rubella, Most
infants with chlamydial pneumonia wiil have high levels of
anti-chlamydial Iigh.”® Cord blood IgM has not been reli-
able for diagnosing congenital syphilis, but postnatal IgM
positivity is useful, as is the dernonstration of falling rapid
plasma reagent (RPR) or Venereal Disease Research
Laboratery (VDRL) titers over time, although the most
useful guide is the mother’s status at delivery™
Identification of maternal IgG by immunofluorescence is
useful to confirm previous varicella infection and thus
immunity, when there is a history of recent exposure. The
presence of CMV-specific IgM in a single maternal sample,



References 75

Tahle 8.1 Guide to antimicrobial treatment
Organism

Group B streptococcus {plus groups A, G
streplococdi, Sireptococcus pneumoniae™}

Enterococgi
Escherichia coli

Listeria monocylogenes
Haemophilus species

Coagulase-negative staphylococei and MRSA
Methicillin sensitive Stophylococcus aureus
Multi-resistant Klebsiello, Enterobacter

Pseudomonas aeruginosa
Candida species

Herpes simplex/varicella zoster
Respiratary syncytial virus

Antimicrobial

Benzylpenicillin and aminoglycoside (gentamicin)

Ampicillinfamoxicillin and gentamicin

Third-generation cephalosporin and
aminoglycoside {cefotaxime or cefiriaxone)

Ampicillinfamoxicillin and gentamicin

Third-generation cephalosparin or ampicillin
{if sensitive) and gentamicin

Yancomycin

Flucloxacillin

Carbapenem™®* {meropenem or imipenem} and
aminoglycoside {amikacin}

Ceftazidime or carbapenem and aminoglycoside
Amphotericin B

Aciclovir

Ribavirin

* Increasing incidence world wide of infection caused by preumnacacci highly resistant to penicillin, although it
is not knewn if this will emerge as a problem in the nesnatal population. Third-generation cephalosporin and
vancomycin may be necessary for resistant pnesmococei.

MRSA, Methicillin-resistant Staphylococeus aureus.

** Carbapenems do not have a UK license for babies <3 months but have been used successfully in this group.

however, can be misleading. It can indicate a recent infec-
tion but, as IgM can persist for up to 16 weeks, it may reflect
a preconceptional maternal infection.'® Active infection is
indicated by seroconversion of two separate maternal
blood samnples, otherwise it is not possible to distinguish
between primary and secondary maternal infection.”

ANTIBIOTIC TREATMENT

Synergism between aminoglycosides and (-lactams is
observed in vitro for many organisms including GBS,
Entercbacteriaceae and Listertz and in vivo for several ani-
mal models of infection.!” It is tempting to use antibiotics
that cover all eventualities for early-onset sepsis {such as
ampicillin/cefotaxime/gentamicin). This approach, how-
evet, has been associated with the emergence of resistant
organisms in intensive care.” The alternative is to use
benzylpenicillin and gentamicin unless there are specific
clinical or microbiclogical indications to do otherwise
(Table 8.1). Empirical treatment of nosocomial infection
is subject to conditions within individual units and poli-
cies should be devised in consultation with the medical
microbiologist.

PREVENTION AND INFECTION CONTROL

Education about and adherence to good infection control
practice by all staff is vital in the prevention of nosocomial
infection. Thorough hand-washing alone is an effective

intervention?? and measures such as isolation and cohort075

nursing can help to control outbreaks. The tmportance
of maintaining correct staffing levels for workload is ilius-
trated by Lsaacs et al.,'® who showed that aminoglycoside
use was less important than workload indicators in the
spread of gentamicin-resistant Gram-negative bacilli in
their unit. Although environmental reservoirs are unusual
sources of infection, the imnportance of good maintenance
and cleaning of equipment has been shown by Garland.'®
Efforts should be made to limit the exposure of at-risk
infants to cominunity-acquired ynfections. Staff are reluc-
tant to take time off for apparently trivial illnesses, but
should be excluded from high-risk areas until they have
recovered. Parents and siblings of patients are to be encour-
aged to spend time with their baby but they should be
educated about the potential risks of community-acquired
infection and asked not to visit if they have symptoms.
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IMMUNOGLOBULINS Table 9.1 Normof renges for immunoglebulin levels in UK

IgG is actively transported across the placenta. Healthy
neonates have IgG and IgG subclass values similar to those
in1 their mothers, but have little or no detectable IgM and
IgA. Following birth, there is a diminution in the concen-
tration of IgG, reflecting the loss of maternally derived IgG
and the gradual accumulation of IgG synthesized by the
infant. The physiological low point is normally reached at
3-4 months. In infants born prematurely, the nadir will be
proportionately lower, because of the diminished amount
of 1gG received from the mother and values may remain
less than those of term infants throughout the first year
after birth. The values in premature infants are lower than
those of term infants until 10 months of age. Concentra-
tions of IgM and IgA are also characteristically low at this
age, rising gradually thereafter. Quantitative immunoglob-
ulin determination of levels of IgG, IgM, IgA, IgE and
[gD (the last not usually performed routinely}) may be
performed by laser nephelometry, radioimmunoassay or
enzyme-linked immunosorbent assays. Levels must be
compared with age-matched controls (Table 9.1).1!

1gG subclasses

After birth, synthesis of [gG, and 1gG; occurs early and
rapidly. Normal circulating amounts of IgG; are not
achieved until 10 years of age, and IgG, until 12 years of
age. Reliable determinations of IgG subclasses should be
done in laboratories performing these on a regular basis.
Levels must be compared with age-matched controls
(Table .2).1

Caucasians: these ore expressed as 5th-95th centile ranges

Age Mgl 1e6{e/l}  igA (gl
Cord 0.02-00 52-18.0  <0.02
weeks 0-2 00502 50-17.0 0.01-0.08
2-6  0.08-0.4 3.9-13.0  0.02-0.15
6-12  0.15-07 2.1-7.7  0.05-0.4
Months  3-6 02-10 24-87  0.10-05
6~9 0.4-16  3.0-9.0 01507
9-12  0.6-2.1  3.0-10.9  0.20-0.7
Years -2 0.5-2.2  3.1-13.8  0.3-1.2
2-3 0.5-2.2  3.7-158  0.3-1.3
3-6 0.5-2.0  4.9-16.1  0.4-2.0
6-9 0.5-1.8  5.4-16.1  0.5-2.4
9-12  0.5-1.8 54-161  0.7-2.5
12-15  05-19  54-16.1  0.8-2.8
15-45  0.5-1.9  54-16.  0.8-2.8

#4945 0.5-2.0 5.3-16.5 0.8-4.0

Note that adult levels of IgM are reached by about 1 year of age.
186G levels, high at birth since they are maternal antibodies
transmitted across the placenta, decrease up to about 912
months and then increase as de nove 1g6 becomes apparent. IgA
levels continue to increase throughout life. Repraoduced with
permission from Playfair and Lydyard "

IgM
IgM does not cross the placenta, There is some i1 wutero
synthesis, which accelerates rapidly after birth in response
to bacterial colonization of the gastrointestinal tract
(Table 9.1)."

In congenital infection, cord blood IgM levels are
increased, usually to levels exceeding 20 mg/dl."” In 1-3

077



78 Immunology

Table 9.2 Serum immunogiobulin levels (mg/mi)

Age {years} No. of subjects I1z6 126G, 186, 1g6; IgG,
01 22 4.2 3.4 (.59 0.39 0.19
{2.5-6.9) {1.9-6.2) (0.3-1.4) {0.09-0.62) {6.06-0.13}
i-2 42 4.7 1.1 (.68 0.34 0.13
(2.7-8.1) {2.3-7.1) {0.3-1.7) (0.11-0.98) (0.04-0.43}
2-3 36 5.4 1.8 0.98 0.28 0.18
(3.0-9.8) {2.8-8.3) {0.4-2.4). {0.06-1.3) (0.03-1.2)
3-4 52 6.0 53 1.2 0.30 0.32
(4.0-9.1) (3.5-7.9) (0.5-2.6) (0.09-0.98) (0.05-1.8)
1-b 31 6.6 5.4 1.4 0.35 0.39
{4.4-10.0) (3.6-8.1) {0.6-3.1) (0.09-1.6) {0.09-1.6)
6-8 24 8.9 5.6 1.5 0.48 0.81
(5.6—14.0) {2.8-11.2) {0.3-6.3) {0.4-2.5) {0.11-6.2)
8-10 21 10.0 6.9 2.1 0.85 0.42
{5.3-19) {2.8—-17.4) {0.8-5.5) {0.22-3.2) {0.1-1.7)
10-13 33 9.1 5.9 2.4 0.58 0.6
{5.0-16.56) (2.7-12.9) {1.1-5.5) {0.13-2.5) {0.07-5.3}
13-16 19 9.1 5.4 2.1 0.58 0.6
(5.8-14.5) {2.8-10.2) {0.6-7.9) {0.14-2.4) (0.11-3.3)

Geometric means are presented for each ig at every age. The normal bounds, given in parentheses, are obtained by taking the mean
logarithm = twice the so of the logarithms then taking the antilogs of the resulis. Reproduced with permission from Schur et af.1*

percent of all infants, cord blood IgM is elevated. Although
it is not always possible to identify an infection, these
infants should be watched carefully and regarded as a
high-risk group. In infants with congenital rubella, toxo-
plasmosis, CMV and syphilis, IgM levels are usually, but
not invariably, raised. In infants with CMV, IgA levels may
also be elevated.

Elevated IgM in cord blood also occurs as a result of
leakage from mother to fetus, resulting in a false-positive
IgM test for congenital infection. Maternal to fetal leakage
is responsible for 5-10 percent of instances of elevated
IgM and should be suspected if the cord blood IgA exceeds
the cord Ig, as maternal IgA is higher than IgM. It can be
confirmed by a repeat assay of infant I[gM and IgA levels.
Maternally derived IgM and IgA decrease after 3—4 days
because of their short half-lives. By contrast, levels of
[gM and IgA synthesized by the infant increase or are
maintained.

LYMPHOCYTE COUNTS

T celis constitute 70 percent or more of peripheral blood
lymphocytes; therefore lymphopenia usually indicates T-
cell depletion. In the presence of a low lymphocyte count
{less than 2.8 X 10°/1}, immunoglobulin levels and lym-
phocyte surface marker analysis should be performed
as the first step in the investigation of immunodeficiency.
Neither antenatal administration of glucocorticoids, to
prevent RDS, nor hydrocortisone administered on the
first day after birth® affects the lymphocyte count or
immunoglobulin production by the neonate.®!?
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Enumeration of T- and B-cell nhumbeys

Estimation of peripheral blood B- and T-cell numbers is
usually done by flow cytometry of cells stained with
monoclonal antibodies. Total numbers of T cells are
measured by staining for CD3 and T-cell subsets can be
measured by staining for CD4 and CD8. The membrane
antigens used to delineate B cells are CD19 or CD20.
Normal values vary with age {Table 9.3).> B-cell quanti-
tation in immunodeficiency is rarely indicated if the
immunoglobulin levels are normat. If numbers of B cells
are low, pre-B cells can be evaluated by staining bone
marrow cells for cytoplasmic pu chains in the absence of
light chain staining. Plasina cells are measured by routine
histological staining.

ASSESSMENT OF CELLULAR IMMUNITY

Healthy term neonates lack detectable delayed cutaneous
hypersensitivity responses and in vitro proliferative
responses to antigens. Cellular immunity may be evalu-
ated by determining the ability of the patient’s lymphocytes
to proliferate i vitro by mitogens [phytohemagglutinin
(PHA), concanavalin A], allogenic cells or monocional
antibodies. The proliferative response is assayed after 37
days by *H- or "C-labeled thymidine incorporation fol-
lowed by DNA extraction or cell precipitation onto filter
paper and subsequent liquid scintillation counting. Data
on unstimulated and stimulated cultures should be
compared. The stimulation index (ratio of counts to
unstimulated controls) of PHA-activated lymphocytes



Tahle 9.3 Absolute size of lymphocyte subpopulations in blood

Age groups

Lymphocyte
subpopulations Neonatal 1 week—2 months  2-5 months 5-9 months 9-15 months 15-24 months 2-5years 510 years 10-16vyears Aduits
N 20 13 46 105 70 33 33 35 23 51
Lymphocytes 4.8 6.7 5.9 6.0 5.5 5.6 3.3 2.8 2.2 1.8

{0.7-7.3) (3.5-13.1) {3.7-9.6) {3.8-9.9} (2.6-70.4) (2.7-11.9) {1.7-6.9} {1.1-5.9) {1.0-5.3} (1.0-2.8)
(D19* B 0.6 1.0 1.3 1.3 1.4 1.3 0.8 0.5 0.3 0.2

{0.04-1.7)  (0.6-1.9) {0.6-3.0) {6.7-2.5) {0.6-2.7) {0.6-3.1) {0.2-2.1) {0.2—1.6) {0.2-0.8) {0.1-0.5)
D3+ T 2.8 1.6 3.6 3.8 3.4 3.5 2.3 1.9 1.5 1.2
lymphocytes {0.6-5.0} (2.3-7.0) (2.3-6.5) {2.4-6.9) {1.6-6.7) {1.4-8.0) (0.9—4.5) (0.7-4.2) {0.8-3.5) {0.7-2.1)
CD3*"/(D4* T 1.9 3.5 2.5 2.8 2.3 2.2 1.3 1.0 0.8 0.7
lymphocytes (0.4-3.5)  {1.7-5.3) (1.5-5.0) {1.4-5.1) (1.0-4.6) {0.9-5.5) (0.5-2.4)  (0.3-2.0) (0.4-2.1) {0.3-1.4)
CD3*/CD8T T 1.1 1.0 1.0 1.1 1.1 1.2 0.8 0.8 0.4 0.4
lymphocytes {0.2-1.9) {0.4-1.7) {0.5-1.6) 0.6-2.2} [0.4-2.1) {0.4-2.3) {6.3-1.6} {6.3—1.8} {0.2-1.2} {0.2-0.9)
CD3Y/HLA-DR™ T 0.09 0.3 ' 0.2 0.2 0.2 0.3 0.2 0.2 0.06 0.09
lymphocytes {0.03-0.4) (0.03-3.9) {0.07-0.5) {0.07-0.5)  (0.1-0.6) {0.1-0.7) {0.08-0.4) {0.05-0.7) {0.02-0.2) {0.03-0.2}
n3~f 1.0 0.5 0.3 0.3 0.4 0.4 0.4 0.3 0.3 0.3
D16-56" (0.1-1.9) (0.2-1.4) {0.1-1.3) {0.1-1.0) {0.2-1.2) {0.1-1.4) 0.1-1.0} {0.09-0.9) {0.07-1.2} {0.09-0.6}
NK cells

Absolute counts {X10%1): median and percentiles (5th—95th percentiles).
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should be at least 20-100. Using PHA at varying dilu-
tions may identify patients with partial immune defects,
Normal term neonates lack detectable in vitro prolifera-
tive responses to bacterial antigens, which only develop
following antigen exposure, but do proliferate in response
to bacterial superantigens. Lymphocyte proliferation may
also be measured by the appearance of the IL-2 receptor
{CD28) using flow cytometry.

NEUTROPHIL FUNCTION TESTS

The principal disorders of neutrophil function are chronic
granuiomatous disease and leukocyte adhesion defect type
one. Chronic granulomatous disease may be detected by
testing for defects in the neutrophil respiratory burst, using
nitro blue tetrazolium reduction or flow cytometric detec-
tion of hydrogen peroxide production, Leukocyte adhesion
defect type one, where delayed separation of the umbilical
cord beyond 10 days may be a feature, can be detected by
testing for expression of the B,-integrin, CDI18, by flow
cytometry.

C-REACTIVE PROTEIN

C-reactive protein (CRP) is a member of the pentraxin
family, which acts as a non-specific opsonin for bacteria. It is
produced by the liver during acute infection due to bacteria
and fungi. Viral infection does not lead to a large rise in CRP
levels. it is the most useful marker of the acute phase
response, rising within hours of an inflammatory stimulus
and having a circulatory half-life of about 8 hours. It does
not cross the placenta, but serum concentrations in the fetus
and neonate are similar to those in adults' and increase in
response to infection or inflammation in a similar way.'®
The normal range in the neonatal period may differ from
that normally quoted in adults (<<4mg/l), as levels are
found above the ‘normal’ range without evidence of disease.

COMPLEMENT

Fetal complement synthesis commences at 6 weeks of ges-
tation and is not transterred across the placenta. There is
much variability in reports of levels in neonates and the
levels of some components are within the adult range.
Overall, the abundance and activity of the alternative path-
way arve diminished relative to those in the classical path-
way. A marked deficiency of C9 is associated with poor
killing of Gram-negative bacteria with neonatal serum.
Preterm neonates have diminished activity of both classical
and alternative pathways. Birthweight has no effect on
complement activity.'® After birth, the concentration of most
complement components increases, approaching adult val-
ues by 6-18 months of age (Table 948
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Table 9.4 Summary of published complement levels
in neonates™

Mean percentage of adult levels

Complement Term Preterm
component neonate neonate
CHqy 56-90 (5)** 4571 (4}
APgy - 49-85(4) 40-55 (3)
Cig 61-90 (4) 27-58 (3)
C4 60-100 {5} 42-91 (4}
C2 76-100 {3) 6796 (2)
& 60-100 (5) 39-78 (4)
5 73-75 (2) 67 (1)

ch 47-56 (2) 36(1)

7 67-92 (2} 72 (1)

8 20-36 {2} 29 {H

€9 <20-52 (3) <20-41(2)
B 35-64 {4) 36-50 {4)
P 33-71 (6) 16-65 (3)
H 61 (1) -

C3bi 55 {1} -

Reproduced with permission from Remmington and Klein."?
*Number of studies.

**Data are derived from the review of Johnsten, R.B.,
Stroud, R.M. (1977) Complement and host defense against
infection. journal of Pediatrics 90, 169-179; from
Notarangelo, Chirico, Chiara, ef a/.'® from Davis, CA.,
vallota, E.H., Forristal, ). (1979) Serum compiement levels
in infancy: age-related changes. Pediatric Research 13,
1043-1046; from Lassiter, H.A., Watson, S.W., Seifring, M.L.,
Tanner, J.E. (1992} Complement factor 9 deficiency in serum
of human neonates. fournal of Infectious Diseases 166,
53-57; from Wolach, B., Dolfin, T., Regev, R. ¢t al. (1997)
The development of the complement syster after 28 weeks'
gestation. Acta Paediatrica 86, 523-527, from Zilow, G.,
Bruessau, J., Hauck, W., Zilow, E.P. (1994) Quantitation of
complement component €9 deficiency in term and preterm
neanates. (finical and Experimentaf tmmunofogy 97, 52-59.

NEONATAL IMMUNODEFICIENCY

Primary immunodeficiency
RECOGNITION OF PRIMARY IMMUNODEFICIENCY
IN THE NEONATE

Several syndromes have characteristic clinical findings
permitting early diagnosis, for example, the thrombocy-
topenia of Wiskott—Aldrich syndrome, the hypocalcemia,
facies and congenital heart disease of DiGeorge and the
skeletal dwarfing in cartilage-hair hypoplasia. Elevated
[gE is present in hyperinununoglobulin E syndrome and
hypereosinophilia in patients with Omenn’s syndrome,
Patients with leukocyte adhesion defect niay have omphali-
tis and delayed separation of the umbilical cord. Patients
with severe combined immunodeficiency (SCID) may
present with severe mucocutaneous candidiasis, protracted
diarrhea, Preumocystis carinii pneumonia, severe eczema



and lymphopenia. A family history of immunodeficiency
or early unexplained death is also suggestive, Chronic
granulomatous disease may present in the neonpatal
period and should be considered in the term infant with
severe bacterial infections with oxidase-positive bacteria
or fungi. Primary immunodeficiency should be consid-
ered in all infants presenting with unusually severe, recal-
citrant or recurrent infections, particularly if they have
no other risk factors. Early aggressive antimicrobial
therapy, isolation and early referral to a specialist center
improve the prognosis.

INVESTIGATION OF SUSPECTED
IMMUNODEFICIENCY

Healthy term neonates lack delayed-type hypersensitivity
responses to antigens and have IgG passively transferred
from their mother. Other immunoglobulin classes are very
low. Therefore, common screening tests for immunodefi-
ciency in older children are unhelpful. Useful tests include:

* chest radiograph for thymus size;

+ total lymphocyte count, which should raise concern
if the count is less than 2.8 X 10%1;

« enumeration of T, B and NK cells;

* lymphocyte proliferative responses;

* staining for CD11a, CD11b and CD18;

+ neutrophil function tests.

Secondary immunedeficiency: HIV
Most children acquire HIV vertically. As a consequence of
acquisition of infection at a time of immunological imma-
turity and an increased number of susceptible target cells,
the pace of HIV disease progression in children is acceler-
ated. Vertically infected children exhibit a bimodal pattern
of disease progression.*® About 10-25 percent develop
profound immunosuppression, Pretimocystis carinii pneu-
monia, severe encephalopathy, organomegaly and multi-
ple opportunistic infections in the first few months after
birth.*? HIV should always be included in the differential
diagnasis of neonates who appear to have SCID. With-
out treatment, few of these children survive more than
2 years."®

USE OF SPECIFIC IMMUNOGLOBULIN FOR
NEONATAL RESPIRATORY DISEASE

Cytomegalovirus {CMV} infection (p. 297)

Hyperimmune plasma and globulin have been used with
some success as prophylaxis for primary CMV in immu-
nosuppressed patients. A humanized monocional anti-
body is now available and may be more efficacious. it is
unlikely that passive immunization will be beneficial in
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the treatment of congenital CMV identified weeks or
months after an in utero infection. It may, however, be a
means of preventing primary CMV infection and disease
in perinatally infected or transfusion-acquired infections
in prematurely born infants. There are, however, no
results from randomized controlled studies.”

Respiratory syncytial virus (RSV) {p. 294)

RSV infections are frequently acquired by infants during
the first weeks after birth and can be nosocomially
acquired on a neonatal unit. A number of studies have
demonstrated the benefits of administering RSV intra-
venous irnmune globulin (RSVIVIG) to infants at high
risk of severe disease.'” An RSV monoclonal antibody,
Palivizumab, is now available. In a large randormized
trial,'® administration of Palivizumab was demonstrated
to reduce hospitalization for RSV infection in high-risk
infants by 55 percent. Palivizumab is given intramuscu-
larly and appears to have fewer side-effects than RSVIVIG.
There are no randomized ftrials assessing the efficacy of
Palivizumab in preventing nosocomial infection on a
neonatal intensive care unit.
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Dt RUSHTON, with contributions from S GOULD

Congenital malformations B3
Neonatal lung disease BS

Infection B7

Pathological changes in the lung are of critical importance
in determining survival and, while in those countries with
advanced neonatal care facilities the classical features may
be maodified by the effects of treatment, they are still the
major cause of morbidity and mortality, particularly in
prematurely born neonates.” The embryology and devel-
opmental physiology of the respiratory tract has been dis-
cussed in eatlier chapters. In this section, morphological
effects of disturbance in development and physiological
adaptation, as well as the deleterious effects of therapy and
acquired disease on the lung, are outlined.

CONGENITAL MALFORMATIONS

There are a large number of individual malformations
of the respiratory tract, generally classified by their
anatomical location.

Nasal and oral malformations
Disturbances of nasal developiment affecting the external
nares are imost cormmonly seen in association with abnor-
malities of cerebral development; in the most extreme form
the nose is replaced with a blind-ended proboscis.’® The
most common posterior nasal defect is choanal atresia,
which may be unilateral or bilateral, isolated, or form part
of a malformation syndrome.?! Cleft palate is the com-
monest abnormality of the respiratory tract and may occur
in isolation or with cleft lip. Isolated cleft palate differs
from cleft lip whether alone or in combination with cleft
palate in that the latter is twice as common in males.
Cleft lip occurs twice as commonly on the left side® and not
infrequently presents as part of a multiple rmalformation

Neonatal lung cytology 39
Placentai examination 90
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of which there are more than 350, may be dominant,
recessive or X-linked as well as sporadic.’

Laryngeal malformations (p. 438)

Laryngeal atresia has been classified anatomically into
three subgroups,* depending on whether the glottis, infra-
glottic region or both the supra- and infraglottic regions
are involved.” The anomaly is thought fo arise as a result
of faiture of re-canalization between the eighth and tenth
weeks of gestation. The more extensive lesions are usually
inconsistent with survival. Obstruction of normal lung
fluid drainage may result in voluminous heavy lungs
(p. 9). Many affected infants have additional malforma-
tions. Laryngeal stenoses are usually sited below the vocal
cords and consist of cartilage, Abrous tissue and mucous
glandular elements in various proportions, Laryngeal
stenosis may also follow prolonged intubation and is typ-
ically subglottic in distribution (p. 443).> Laryngeal
clefts™ rarely are anterior and they are the result of failure
of fusion of the thyroid cartilage. Posterior clefting is
more cornmon and is due to a failure of formation of the
septum dividing the trachea and esophagus. The lesion is
most frequently small, but may on occasion involve the
full length of the trachea to the carina. Clefts involving
only the larynx are commonly seen in association with tra-
cheoesophageal fistula. Cystic lesions™!> are not uncom-
mon in the laryngeal, pharyngeal and epiglottic regions
and may be developmental in origin or be due te seques-
trated and distended mucous glands.

Tracheal malformations

Atresia of the trachea is seen in association with

syndrome, for example trisomy 13. Clefting syndromes, 08érachcoesophageal fistula, the commonest congenital
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Figure 10.1 Absence of trachea. The two main bronchi
can be seen arising from the fower end of the larynx.

abnormality of the trachea, but may be an isolated find-
ing. It may be associated with multiple malformations.
Tracheal stenosis may involve a single segment or several
segments resulting in a funnel-like configuration.” The
latter is common in association with anomalies of the left
pulmonary artery. Anomalies of tracheal cartilage are
present in some forms of skeletal dysplasia. Tracheal webs
and tracheomalacia occur as in the larynx.* Tracheal
agenesis {Figure 10.1}) is very rare.”

Lung malformations

Pulmonary agenesis may very rarely be bilateral, but is
usually unilateral.>*! There is a spectrum of abnormali-
ties from complete absence of the lung and bronchus
through to nodules of dysplastic lung tissue attached by a
rudimentary bronchus. Agenesis is commonly associated
with other congenital abnormalities (p. 449). Bronchial
abnormalities may be extrapulmonary, for example,
isomerism where both lungs are identical, or intrapul-
monary, for example, atresia and stenosis. The former is
frequently associated with abnormalities of the heart,
while the latter may be associated with other forms of
cystic lung disease such as adenomatoid malformation.
Stenotic lesions usually arise from exirinsic pressure.
Bronchogenic cysts*' occur within the chest, neck and
occasionally within the abdomen. They do not commu-
nicate with the bronchial tree and their walls contain
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Figure 10.2 Congenital cystic adenomatoid fung type 2.
Cystic spaces lined by bronchiolar type epithelium devoid of
cartitage. No normal tung is present. H&E X 100.

tissue elements normally found in the bronchus in vary-
ing proportions.

Pulmonary sequestrations* are masses of abnormally
developed lung tissue which do not communicate with
the bronchial tree and are supplied by an aberrant sys-
temic artery usually from the aorta either above or below
the diaphragm. Such lesions may be intrapulmonary,
typically in the lefi lower lobe, or extrapulmonary, within
the thorax or upper abdomen.'’ The extrapulmonary
lesions may show histological features of adenomatoid
lung.”® Some may communicate with the esophagus or
stomach. Congenital ¢ystic adenomatoid malformation
of the lung {CCAM) is now frequently diagnosed antena-
tally. Some forms are incompatibie with life, while others
may be discovered incidentally on chest radiographs.
Macroscopically the affected lung may appear solid and/or
cystic. Pathologically, five types of lesion are recognized
{p. 466) (Figure 10.2).4 Congenital lobar emphysema
results from localized overdistention of the lung after
birth with compression of adjacent tissues leading to res-
piratory distress. The degree of hyperinflation may be
such as to lead to death as a result of mediastinal shift. It
miay result from abnormal development of cartilage
within the affected bronchus,”® but external compression
or partial intrinsic obstruction of an airway leading to a
‘ball valve’ effect could produce the same effect. Some
cases may follow inflammatory lung disease.

Lung hypoplasia®®* is a relatively common disorder;
up to a 15 percent incidence at perinatal autopsies has
been suggested. It is not difficult for the pathologist to
male the diagnosis { Figure 10.3). The lung to body weight
ratio is comnonly used to identify cases, the ratio varying
from less than 0.015 below 28 weeks of gestation to 0.012
above that gestational age®* These figures are, however,
not an absolute indicator, as they may be influenced by
other pathology occurring in the lungs. Lungs should
always be in excess of 1.2 percent of the body weight.”
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Figure 10.3 Pulmonary hypoplasia. Tiny fungs on either
side of the mediastinum. Hydrops fetalis with bilateral
pleurat effusions.

Whiile it is possible to use histomorphometric techniques
to confirni lung hypoplasia, these are hot routine labora-
tory procedures.

Pulmonary lymphangiectasia® may be an isolated
abriormality or part of a more generalized disorder of the
tymiphatic system. It is rarely the result of a failure of nos-
mal communication between the lymphatics in the lungs
and the thoracic duct, but more commonly it is second-
ary to cardiac malformaticns. It is frequently associated
with pleural effusions.'”** The lymphatics on the surface
of the lungs are very prominent, giving the appearance of
Moroccan leather, a term used to describe these findings.
Microscopically, there s a varying degree of lymphatic
dilatation throughout the lung,.

Pulmonary vascular anomalies

Arterial anomalies may occur as part of more complex
cardiac malformations, be part of certain more general-
ized syndroimes or confined to lung malformations.” An
aberrant origin of the left artery from the right side can
result in compression of the trachea and present as respi-
ratory distress.” Other malformations include absence of
the proximal part of the pulmonary artery, pulmonary
arterial hypoplasia and segmental stenosis of the arter-
ies. Arteriovenous fistulae may occur as developmental

Figure 10.4 Hyaline membrane disease. The lungs are rigid
and airless retaining their shape. The cut surface appears
solid.

anomalies or as the result of frauma. Anomalous venous
return, both partial and complete, and stenosis of the
pulmonary veins occur {p. 391).

NEONATAL LUNG DISEASE

Pulmonary immaturity

The classical lung lesion of prematurity is hyaling mem-
brane disease (HMD),* a pathologically descriptive term
of the microscopic appearances of the affected lung.
While often used interchangeably with the clinical mani-
festation of the discase idiopathic respiratory distress syn-
drome (RDS), the terms are nof strictly identical since
hyaline membranes are found in other clinical sitvations
and respiratory distress may occur in the absence of hyaline
membranes, The macroscopic appearance of uncompli-
cated RDS is virtually pathognomonic, the lungs being of
firm consistency evidenced by their retention of their intra-
thoracic shape on removal from the chest (Figure 10.4}.
Typically of a dark plum color, sometimes with promi-
nent surface lymphatics, the cut surfaces are airless and
congested, the lungs sinking when placed in fixative.
The major airways are erapty or contain lung fiuid,

The micrescopic appearances depend on the stage
of evolution of the disease. The membranes, bands of
eosinophilic material lining the dilated distal respiratory
bronchioles (Figure 10. 5), form 12-24 hours after delivery
{they do not form before birth and are not seen in still-
births) and vary in extent and thickness. The more distal
airways are collapsed. Although described as hyaline, the
membranes contain cellular debris derived from alveolar
lining cells and blood constituents that have leaked from
abnormally permeable capiliaries. The lung is typically
uniformly collapsed and airless but congested. Those air-
ways lined by membranes may also contain edema fluid
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Figure 10.5 Hyaline membrane disease. The membranes
can be seen lining difated alveolar ducts. H&E X 250.

Figure 10.6 Biue hyaline membranes. The membranes ore
much darker in color due to colonization with group B
streptacoccl. H&E X 250.

{or uncleared lung fluid) and desquamated lining cells
from the respiratory tract. Not uncommeonly there are
also aspirated fetal squames in the airways. While the
membranes are classically cosinophilic, they may have a
greenish color if the neonate was jaundiced,'® due to the
protein in the membrane binding bilirubin, while a bluish
color (Figure 10. 6} is seen in the presence of some infec-
tions, particularly group B streptococcal infection due to
the large numbers of organisms within the membranes.
In infants surviving the initial phase of the disease, there
is progressive healing and repair of the lung,” a process
often modified by the effects of treatiment. The surface
epithelium of the damaged airways re-establishes itself
by growing over the membrane, which is simultaneously
being remioved by macrophages. Histological resolution
in untreated cases occurs at about 1 week. If the response
was insufficient at this thme, death usnally followed.
Today, in many centers, this course of events is modified
by the use of exogenous surfactant’® and sophisticated
ventilatory techniques, but long-term complications of
neonatal respiratory support are still of major concern to
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by aspirated squamous cells. H&EE X 250.

neonatologists. It is, however, of note that there do not
appear to be any significant iatrogenic complications
following the introduction of exogenous surfactant.*®

Surfactant protein anomalies

Genetic disorders affecting surfactant proteins®* are associ-
ated with neonatal respiratory distress and familial lung
disease.”” Pathologically, the alveoli are filled with proteina-
ceous material and resemble those seen in adult pulmonary
alveolar proteinosis.'® Electron microscopical investiga-
tions have identified another form of congenital surfac-
tant defect.”!

Intrauterine and birth asphyxia

The pathological manifestations of acute intrauterine
asphyxia are classically seen in association with placental
abruption. The baby is cyanosed and has frequently passed
and aspirated and/or swallowed meconium, There may
be petechial hemorrhages in the skin. The skin creases
may contain meconinm-stained vernix and after more
prolonged exposure to meconium the finger and toenails
may be stained green. The lungs are heavy, airless and cyan-
otic. There may be Jarge numbers of subpleural petechial
hemorrhages, which may become confluent. The airways
are filled with fluid, which is often blood stained and/or
contains meconium. Occasionally white specks are seen
beneath the pleura, which on microscopy are found to con-
sist of plugs of fetal squames (Figure 10. 7). Meconiwn is
also frequently seen in the esophagus, the stomach, which
may be distended with amniotic fluid, and sometimes in
the upper small intestines. Microscopy shows the terminal
airways to be filled with proteinacecus fluid, meconium
and varying numbers of squames, Hemorrhages may fill
groups of alveoli or be diffusely distributed through the
aspirated material. Evidence of inflammation is unusual,
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although, because the passage of meconium and its
aspiration are not confined to hypoxic insults, overwhelm-
ing infections such as group B streptococcal disease may
produce a combined picture of aspiration and infection
{p. 283).

In the asphyxiated neonate, hypoxic damage to the
surfactant-producing cells {which may also be damaged
by the aspirated material) may contribute to the develop-
ment of hyaline membranes.!**> Inflammatory changes
may be secondary to concomitant aspiration of organisms
or due to chemical danvage to the lungs, Uneven aeration
of the lungs and trapping of air behind aspirated material
may lead to interstitial emphysema and pneumothorax.
Where the aspirated material is confined to the larger air-
ways, lavage and suction may be effective, but once material
has reached alveoli retnoval is more difficult and depends
t0 a great extent on the normal mechanisms for the clear-
ing of foreign material. In survivors squames may be found
in the lungs several weeks after delivery. In a small pro-
portion of infants that have aspirated meconium, there are
in addition to the features described above abnormalities
of the pnlmonary arteries and arterioles, which are clini-
cally associated with persistent pulmonary hypertension.*
The exact mechanism leading to these changes is debat-
able, but chronic intrauterine hypoxia has been suggested
as a factor. Such changes also challenge the view that the
passage of meconium occurs shortly before birth.*?
Chronic intrauterine meconium aspiration may result in
lung infarction and rupture.?® There is hypertrophy of the
medial muscle in the pre- and intra-acinar pulmonary
arteries and muscularization of the precapillary vessels.

Pulmonary hemorrhage

Minor pulmonary hemorrhages can be found in the
majority of postimortem lungs in the neonatal period and
may reflect at least in part, the mechanisms of death rather
than indicate causation.'™ In a few infants, the bleeding
may be massive, the infants appearing to have drowned
in their own blood."”*? At autopsy all areas of the lungs are

filled with red cells (Figure 10.8),

INFECTION

Transplacental infections
These include viral infections such as cytomegalovirus
(Figure 10.9), rubella, herpes simplex, varicella and
enteroviruses. Other organisms include Listeria mono-
cytogenes, Toxoplasma gondil, Treponema pallidum and
Mycobacteriunt tubercudosis. All these infections are gen-
eralized in nature and while they may present diagnostic
problems during life, many show characteristic patho-
logical changes at autopsy.

Figure 10.8 Massive pulmonary hemorrhage. Every
airspace is packed with red cells. H&E X 700,

Figure 10.9 Cytomegalovirus pneumonia. The bronchial
epithelial cells contain characteristic nuclear inclusions.
H&E X 400.

Intra- and postpartum infections

Pathologically early lethal infections may show little evi-
dence of a cellular response, which if present is frequently
patchy in distribution. Edema and hemorrhage inay be
prominent and, because of damage to surfactant-
producing cells, lryaline membranes may be evident. These
membranes tend to be coarser and less regular both in
outline and distribution than those seen in RDS. They
may be colonized by bacteria. In infants surviving for
longer periods, an acute bronchopneumonia can develop
which, depending on the organisim invelved, may lead to
abscess formation and, rarely, empyeina, If there is infec-
tion with Gram-negative organisms, particularly Proteus
and Pseudomonas, initially there may be a sparse cellular
response, hemorrhage and widespread edema containing
vast numbers of organisms which may also be present
within the walls of blood vessels. The latter may lead to
local thrombus formation in the pulmonary circulation.
While definitive identification of the causative organism
in the living neonate is normally dependent cn culture,
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Figure 10.10 FPufmonary interstitial emphysema.

histological techniques may also provide specific answers
after death, particularly since the advent of immuno-
histochemical and molecular techniques.

Pulmonary interstitial emphysema {PIE}
and pneumothorax
Inspired gases escaping from the respiratory tree may enter
the intevstitial tissues of the lungs (Figure 10.10), typically
the interlobular and interlobar fissures, the pulmonary
lymphatics and on occasion the pulmonary vessels, usually
the pulmonary veins, Small, clinically undetectable leak-
ages are commonly identified in neonatal lungs at autopsy
and ave almost invariably seen in the presence of pneumo-
thorax in the absence of clinical PIE. Extensive involvement
results in a ‘Swiss cheese’ pattern on the cut surfaces of
affected lung. This may be associated with subpleural
emphysematous bullae, which rupture, leading to pneu-
mothorax. Escaping gas may also spread widely in the
mediastinum, involve the pericardium and extrathoracic
organs and cavities, If the infant survives, much, if not ail
the escaped gas will be resorbed or lost following drainage
but occasionally it becomes loculated as encysted inter-
stitial emphysema,!! a condition sometimes mistaken for
some forms of congenital cystic lung in surgically excised
specimens. Encysted interstitial emphysema usually has no
microscopically identifiable lining, but ofien the wall of the
cyst contains scattered multinucleate giant cells.
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Figure 10.11 Perforation of iung by a drainage tube.

CHEST DRAINAGE

The usual indication for chest drainage is pneumotho-
rax, although pleural effusions and chylothorax may also
require aspiration. Occasionally blood or pus may neces-
sitate rernoval. Drainage may only require the introduc-
tion of a needle into the chest, but in more severe cases
the use of a trochar and drainage tubes is necessary. Both
techniques carry the risk of puncture of the lung, result-
ing in air leaks, bronchopleural fistula or hemorchage.
Rarely, other intrathoracic structures such as major
blood vessels or the heart may be injured and occasion-
ally intra-abdominal corgans such as the liver may be
punctured. Longer-term drainage by tube may introduce
infection and changes in the plasticity of drainage tubes,
leading to increased rvigidity and puncture or transfixion
of the lung (Figure 10.11).

Bronchopulmonary dysplasia {BPD)

The evolution of BPD has been detailed by Anderson and
Engel' and can be divided into three phases. First, there is
an acute phase, which lasts up to 2 weeks, which combines
an exudative necrotizing reaction with an early healing
response. The changes are usually added to those of the
preceding RDS. Epithelial changes occur in the bronchi
and bronchioles. The nuclei of the ciliated respiratory
epithelium migrate to the luminal surface and are extruded
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Figure 10.12 Early metaplastic change in bronchial
epithelium due to axygen toxicity. H&E X 400.

Figure 10.13 Bronchopulmanary dysplasia. Mast of the
airspaces are obliterated by fibrous tissue. Those present
are lined by abnormal pneumocytes cantaining bizarre
nuclei. H&E X 400.

and the damaged lining is replaced by metaplastic squa-
mous epithelium (Figure 10.12). There is diffuse alveolar
damage and necrosis of bronchioles. Healing results in
obliteration of the damaged airways together with inter-
stitial fibrosis. While at this stage some of these changes
may be reversible, the fibrosis and obliterative lesions are
unlikely to resolve, although they may not progress once
the respiratory support is withdrawn. Both, however, are
significant in that lung growth is impaired, a feature which
may have long-term sequelae. Next follows a snbacute
phase which continues until about the end of the first
month after the onset of the BPD and is associated with
progressive fibrosis, particularly around alveolar ducts.
Perialveolar fibrosis and smooth muscle proliferation
occur (Figure 10.13). Lesions in the alveolar ducts result
m both collapse and hyperdistention of more distal air-
ways, accentuating the lobular architecture of the lungs
(Figure 10.14). Type 2 pnenmocytes repopulate the dam-
aged alveoli and often contain bizarre nuclei. Finally, there
is a chronic phase, which may centinue for months after
the cnset of the BPD and is associated with progressive

Figure 10.14 Eronchopulmonary dysplasia. The fungs
are distorted with an exaggerated lobular pattern.
The irregular surfoce reflects areas of coflapsed and
hyperinflated lung.

fibrosis, further smooth muscle proliferation and the
development of ‘honeycomb’ lung. There are also changes
m the pulmonary vessels resulting in pulmonary hyper-
tension and eventually right heart failure may ensue.
Destructive obliterative lesions are, however, absent. Squa-
mous metaplasia frequently persists throughout this phase.
Pathologically, a variant form of chronic lung disease in
very small preterm infants dying some months after deliv-
ery has been described and is characterized by adjacent
areas of hyperdistended and collapsed lung parenchyma
(P' 402)‘32,-16

NEONATAL LUNG CYTOLOGY

The normal source of lung cytology specimens in the
neonate is bronchial lavage fluid, although occasionally
pleural aspirates may require examination. Apart from
the identification of evidence of infection {recognition of
specific organisms, identification of inflammatory cells),
lavage fluid may be used: to identify yellow hyaline mem-
brane disease,'® to investigate RDS and bronchopulmonary
dysplasia,” experimentally to manage the meconium aspi-
ration syndrome’” and to seek evidence of aspiration into
the lungs by demonstrating the presence of lipid-laden
macrophages in lavage samples.’®
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PLACENTAL EXAMINATION

Placenta examination is important for both stillborn and
liveborn infants, indeed all placentae of infants admitted
to the neonatal unit should be subjected to pathological
examination. In the context of neonatal respiratory disease,
the most common placental pathology of significance is
chorioamnionitis, which indicates the presence of ascend-
ing infection and may be associated with an early-onset
pneumonia. The infection is sometimes macroscopically
obvious, but unless the chorioamnionitis is due to
Candida, microscopy and histology is usually non specific.
Listeria nionocytogenes infection can generate a charac-
teristic villitis,
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TECHNIQUES

Ultrasound
Ultrasound is the principal diagnostic tool for the prena-
tal detection of congenital abnormalities. It allows exam-
ination of the external and internal anatomy of the fetus
and the detection of major malformations, as weil as
more subtle ones, which may be markers of chromo-
somal defects or genetic syndromes. Furthermore, ultra-
sonography plays a central role in enhancing the safety
and effectiveness of invasive diagnostic and therapeutic
procedures,

THREE-DIMENSIONAL (3-D} ULTRASOUND

Three-dimensional (3-D) ultrasound enables imaging in
three orthogonal planes and may provide better assess-
ment, than 2-D conventional ultrasound, of the site and
extent of an abnormality. An ultrasound sweep through
the area of interest allows the acquisition of a volume,
which can subsequently be rotated into standard
anatomical planes. The images can be reconstructed and
modified to permit display of different structures within
the same data set. The technique has potential applica-
tion in cases of congenital diaphragmatic hernia and
congenital cystic adenomatoid malformation by allow-
ing 3-D assessment of both the pathological process and
fetal lung volume. It may prove to be beneficial in assess-
ment in cases where fetal surgery is an option. Reference
ranges for fetal lung growth have been established from
lung volume measurements using an ultrasound-based
3-D system;' such results may be useful in the prediction of
pulimonary hypoplasia. Three-dimensional reconstruction
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of power Doppler images may facilitate appreciation of
vascular anatomy, for example, in cases of pulmonary
sequestration with systemnic vascular supply. Presently,
however, 3-D ultrasound is often Iimited by technical
considerations, particularly artifact caused by fetal
movement, loss of information when the fetus is pressed
against the uterine wall or placenta, or lack of amniotic
fluid around the region of interest.

COLOR DOPPLER

Color flow mapping allows visualization of pulmonary
arteries and veins from the heart into the peripheral pul-
monary segmentis. In suspected diaphragmatic hernia,
visualization of liver vessels in the thorax can confirm the
diagnosis. In bronchopulmonary sequestration, the diag-
nosis can be made by the demonstration of the feeding
artery arising directly from the descending aorta. Color
Doppler has been found to be useful in the diagnosis of
the very rare condition of unilateral lung agenesis. Some
cardiac defects, such as pulinonary valve atresia with
ventricular septumn defect, are associated with multiple
acrtopulmonary collateral arteries, which may compli-
cate the neonatal course. There are contradictory reports
on the potential value of Doppler assessment of the
pulmonary vessels in the prediction of pulmonary
hypoplasia and pulmonary hypertension.

FETAL MAGNETIC RESONANCE IMAGING

During the last decade there has been increasing interest
in MRI for the evaluation of sonographically detected
fetal abnormialities. Detailed imaging was previously



Interventions 93

prevented by fetal movement artifact, but single-shot
rapid acquisition sequences have now partly overcome
this problem. These ultrafast techniques with subsecond
images capture ‘snapshot’ views of the fetus. Currently,
fetal MRI is mainly used in the investigation of cerebral
abnormalities suspected from ultrasound. There is also
potential value in assessing lung maturation and the
volume of normal lung. The normal fetal lung on T2-
weighted images at 16-24 weeks of gestation is homo-
geneous and has moderate signal density. Maturation of
the lungs is associated with increased production of alve-
olar fluid; this is associated with an increased T2 signal
and a decreased T1 signal.” Fetal MRI also has potential
to assess pulmonary abnormalities, for example, congen-
ital cystic adenomatoid malformation (CCAM) or pul-
monary sequestration. The appearance of a CCAM on
fetal MRI is variable, depending on whether the lesion is
micro- or macrocystic. Microcystic lesions are high in
signal density compared to normal lung.® Pulmonary
sequestrations on antenatal MRI may appear as wedge-
shaped areas of very high homogeneous signal density
on T2-weighted images.® MRI may be useful with regard
to prediction of outcome in fetuses with congenital
diaphragmatic hernia (CDH). It can be used to locate the
position of the liver {p. 488}; on T2-weighted images the
liver is high in signal density. In addition, both the right
and left lungs can be visualized with MRI and the lung
volumes obtained.”

Echoplanar imaging (EP1)
This is a rapid MRI method of assessing organ volumes.
Imaging studies can take less than 5 minutes and no seda-
tion may be required."? Variations in lung volumes can be
assessed by EPI MR imaging.%’ Lung volumes have been
demonstrated to increase from 21 ml at 23 weeks of gesta-
tion to a maximum of 94 ml at term.” In infants following
CDH repair, EPI demonstrated low lung volumie in the
ipsilateral lung of left-sided CDH infants.!?

FETAL KARYOTYPING

Fetal karyotyping is essential in the assessment of fetuses
with diaphragmatic hernia, because about 50 percent
have chromosomal abnormatlities. This can be done by
chorionic villous sampling at 11-15 weeks of gestation or
amniocentesis after 15 weeks of gestation.

Amniocentesis

A needle is infroduced threough the maternal abdomen
and directed into the ammniotic cavity under continuous
ultrasound guidance. Fluid (10 ml) is aspirated and used

for cytogenetic analysis. The risk of miscarriage from
amniocentesis is about 1 percent. Amniocentesis is also
associated with an increased risk of respiratory distress syn-
drome and pneumonia in neonates. In addition, some
studies have reported an association with increased inci-
dence of talipes and dislocation of the hip. Amniocentesis
is best performed after 16 weeks of gestation. In the late
1980s, early ainniocentesis at 10-14 weeks of gestation
was introduced. However, several randomized studies in
the 1990s demonstrated that this procedure is associated
with a high risk of iniscarriage and a high incidence of
talipes equinovarus.

Chorionic villus sampling

Chorionic villus sampling was first attempted in the late
19603 by hysteroscopy, but the technique was associated
with low success in both sampling and karyotyping and
was abandoned in favor of amniocentesis. In the 1970s,
the desive for early diagnosis led to the revival of chor-
ionic villus sampling, which was initially carried out by
aspiration via a cannula that was introduced blindly” into
the uterus through the cervix. Subsequently, ultrasound
guidance was used for the transcervical or transabdemi-
nal insertion of a variety of cannulas or biopsy forceps.
Several randomized studies have examined the rate of fetal
loss following fArst-trimester chorionic villus sampling
compared to that of amniocentesis at 16 weeks of gestation.
The results demonstrated that, in centers experienced in
both procedures, fetal loss s no greater after first-trimester
chorionic villus sampling compared to second-trimester
amuiocentesis, In the early 1990s, severe transverse limb
abnormalities, micrognathia and microglossia were
reported in some pregnancies that had undergone chori-
onic villus sampling at less than 10 weeks of gestation.
Possible mechanisms by which early sampling may lead
to limb defects include hypoperfusion, embolization or
release of vasoactive substances, and all these mecha-
nisms are related to trauma. It is therefore imperative
that chorionic villus sampling is performed only after
11 weeks of gestation by appropriately trained operators.

INTERVENTIONS

Pleural-amniotic shunting

Pleural effusions or pulmonary cysts can be drained into
the amniotic cavity through a double pigtail silastic
catheter. The catheter, with external and internal diame-
ters of 0.21 and 0.15mm, has radio-opague stainless steel
inserts at each end and lateral holes around the coil.
Ultrasound scanning is used to obtain a transverse sec-
tion of the fetal thorax. With the transducer in one hand,
held parallel to the intended course of the cannula, the
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chosen site of entry on the maternal abdomen is cleaned
with antiseptic solution and local anaesthetic is infiltrated
down to the myometrium, Under ultrasound guidance,
a metal cannula with a trocar (external diameter 3 mm,
length 15cm) is introduced transabdominally into the
ampiotic cavity and inserted through the fetal chest wall,
in the mid-thoracic region, into the effusion or ¢yst. The
trocar is removed and the catheter inserted into the can-
nula. A short introducer rod is then used to deposit half
of the catheter into the effusion or cyst. Subsequently, the
cannula is gradually removed into the amniotic cavity
where the other half of the catheter is pushed by a longer
introducer. If drainage of the contralateral lung is also
needed, the appropriate fetal position is achieved by
rotation of the fetal body using the tip of the cannula.
After insertion of the shunt, serial ultrasound scans
are performed at weekly intervals to determine if the
effusions reaccumulate, in which case another shunt may
be inserted. After delivery the chest drains are immedi-
ately clamped and removed to avoid development of
pneumaothorax.

Laser ahlation of blood vessels

This technique is used to ablate the blood supply o large
and rapidly expanding solid tumors, such as adenoma-
toid malformation or sequestration. Detailed ultrasound
examination, including color flow mapping, is first per-
formed to identify blood vessels within the tumnor. The
appropriate site of entry on the maternal abdomen is
chosen to avoid injury to the placenta or fetus and to
allow access to the intrathoracic tumor. The chosen site
of entry on the maternal abdomen is cleaned with anti-
septic solution and local anesthetic is infltrated down
to the myometrium. Under ultrasound guidance, an 18
gauge cannula is introduced into the amniotic cavity and
inserted through the fetal chest wall into the tumor.
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Figure 11.1 Fetaf endotracheal
oecclusion. On the left is @
diagrammatic representation of
insertian of a batloon in the
trachea. On the right is a picture
of the balloons {upper picture)
and o view through a fetoscope of
the batloon in situ in the trachea
{tower picture).

A 400 pm diameter Nd:'YAG laser fiber is then passed
down the cannula. Color flow mapping is used to visual-
ize the blood supply to the tuwmor. The laser fiber is
placed adjacent to the vessel, which is to be coagulated.
The total procedure usually takes 10 minutes to com-
plete. Serial ultrasound scans are performed at weekly
intervals to demonstrate shrinkage of the umor and
return of the mediastinum to its normal position,

Fetal endotiracheal occlusion by a balloon
Congenital diaphragmatic hernia with intrathoracic liver
and a lung area to head circumference ratio of <1 is
associated with high neonatal mortality due to pulmonary
hypoplasia and hypertension (p. 493). Experimental
tracheal occlusion may overcome these complications
(p. 492).% Preliminary daia from the application of the
technique in human fetuses suggest that tracheal occlu-
sion at 26-28 weeks of gestation may reverse pulmonary
hypoplasia. The mother is frst given general anesthesia
and the fetus is then injected with pancuronium for
immeobilization and atropine to block a vasovagal response.
The injection is given into the fetal thigh through a 20
gauge needle introduced through the maternal abdomen
and guided by ultrasound. A Teflon cannula with trocar
{external diameter 3 mm) is nserted Into the amniotic
cavity through the maternal abdomen and directed
towards the fetal mouth, The trocar is then replaced by
a curved metal sheath {external diameter 3 mm) loaded
with a fetoscope (external diameter 1.2 mm} and a vascu-
lar acclusion catheter with a latex balloon (Figure 11.1).
A combination of ultrasonographic and direct vision is
used to introduce the fetoscope into the fetal mouth in
the midline above the tongue and past the uvula into the
nasopharynx and larynx (Figure 11.2). The vascular occlu-
sion catheter with the balloon is then passed through the
vocal cords, the balloon is inflated with saline (1 m]) and
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deposited into the fetal trachea below the vocal cords.
The total procedure usually takes 10-15 minutes to com-
plete. Delivery is by cesarean section; the fetal head is
delivered and while the baby is still attached to the
umbilical cord, intubation and removal of the balloon is
undertaken through a bronchoscope.>'®

EXAMPLES OF CONDITIONS SUSCEPTIBLE
TO ANTENATAL DIAGNOSIS AND
INTERVENTION

Diaphragmatic hernia

Herniation of the abdominal viscera into the thorax usu-
ally occurs at about 1012 weeks of gestation, when the
mtestines return to the abdominal cavity from the winbi-
lical cord. At least in some cases, however, intrathoracic
herniation of viscera may be delayed until the second
or third trimester of pregnancy. In about 50 percent of
affected fetuses, however, there are associated chiromo-
somal abnorinalities {mainly trisomy 18, trisomy 13 and
Pallister~Killian syndrome — mosaicism for tetrasomy
12p}, other defects (mainly craniospinal defects, incind-
ing spina bifida, hydrocephaly and the otherwise rare
anencephaly, and cardiac abnormalities} and genetic
syndromes (such as Fryns syndrome, de Lange syndrome
and Marfan syndrome}.

DIAGNOSIS

Prenatally, the diaphragm is imaged by ultrasonography
as an echo-free space between the thorax and abdomen.
Diaphragmatic hernia can be diagnosed by the ultra-
soncgraphic demonstration of stomach and intestines
{90 percent of the cases) or liver {30 percent) in the tho-
rax and the associated mediastinal shift to the opposite
side. Herniated abdominal contents, associated with a
left-sided diaphragmatic hernia, are easy to demonstrate
because the echo-free fluid-filled stomach and smail

Figure 11.2 Fetaf endotracheal
acclusion. Views through the
fetoscope — the upper pictiires are
of the fetal face, the loawer
pictures are of the tongue,
epiglottis, vocal cards and
tracheal rings seen as the
fetoscape maves down the upper

Fracheat dngs . respiratory tract.

Figure 11.3 Congenital diophrogmatic hernia. Ultrasound
pictures demonstrating the appearnnce of a cangenita!
diaphrogmatic hernio (fndicated by arraws).

bowel contrast dramatically with the more echogenic
fetal lung (Figure 11.3). By contrast, a right-sided hernia
is more difficult to identify because the echogenicity of
the fetal liver is similar to that of the lung, and visualization
of the gall bladder in the right side of the fetal chest may be
the only way of making the diagnosis. Polyhydrammnios
{usually occurring after 25 weeks of gestation) is found
in about 75 percent of cases and this may be the conse-
quence of impaired fetal swallowing due to compression
of the esophagus by the herniated abdominal organs. The
main differential diagnosis is from cystic lung disease,
such as cystic adenomatoid malformation or mediastinal

095



96 Antenatal imaging and therapy

cystic processes, e.g. neuroenteric cysts, bronchogenic cysts
and thymic cysts, In these cases, a fluid-filled structure
causing mediastinal shift may be present within the
chest. However, in contrast to diaphragmatic hernia, the
upper abdominal anatomy is normal.

Antenatal prediction of pulimonary hypoplasia remains
one of the challenges of prenatal diagnosis because this
would be vital in both counseling parents and also in
selecting those cases that may benefit from prenatal sur-
gery. Poor prognostic signs are, first, increased nuchal
translucency thickness at 10-14 weeks of gestation, second,
intrathoracic herniation of abdominal viscera before 20
weeks of gestation, and, third, severe mediastinal compres-
sion suggested Dy an abnormal ratic in the size of the
cardiac ventricles, a low lung area to head circumference
ratio and the development of polyhydramnios.

FETAL THERAPY

Although isolated diaphragmatic bernia is an anatomi-
cally simple defect, which is easily correctable by post-
natal surgery, the mortality rate is about 50 percent. The
main cause of death is hypoxemia due to puimonary
hypoplasia and hypertension, resulting from the abnor-
mal development of the pulmonary vascular bed. Extensive
animal studies have suggested that pulmonary hypopla-
sia and hypertension are reversible by intrauferine sur-
gery. In a few cases of diaphragmatic hernia, hysterotomy
and fetal surgery have been carried out, but this inter-
vention has now been abandoned in favor of minimally
invasive surgery. Animal studies have demonstrated that
obstruction of the trachea results in expansion of the
fetal lungs by retained pulmonary secretions. Endoscopic
occlusion of the fetal trachea has initially been carried
out by clipping the trachea but a less trawmatic approach
is the endotracheal insertion of a balloon. The usefulness
of this technique is under investigation.
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Figure 11.4 Bilateral pleuraf
effusians. On the left are
dingrammatic representations af
insertion of the shunt (upper
picture) and the shuat in situ
{tower picture). On the right are
pictures (middfe and right upper)
of wltrasound scans showing
bilateral pleural effusions
findicated by the arrows) and
bifateral pfeuroamniotic shunts
{indicated by the arrows) in situ
flower pictire).

Pleural effusion (p. 355)
Fetal pleural effusions may be unilateral or bilateral, may
be an isolated finding or they may occur in association
with generalized edema and ascites. Chromosomal abnot-
malities, mainly trisomy 21, are found in about 5 percent
of cases with apparently isolated pleural effusions.

FETAL THERAFY

Isolated pleural effusions in the fetus may either resolve
spontaneously or they can be treated effectively after birth.
Nevertheless, in some cases, severe and chronic compres-
sion of the fetal lungs can result in pulmonary hypoplasia
and neonatal death. In others, mediastinal compression
leads to the development of hydrops and polybydramnios,
which are associated with a high risk of premature delivery
and perinatal death. Attempts at prenatal therapy by
repeated thoracocenteses for drainage of pleural effusions
have been generally unisuccessful in reversing the hydropic
state, because the fluid reaccumnulates within 24-48 hours
of drainage. A better approach is chronic drainage by the
insertion of thoracoamniotic shunts {Figure 11.4)."" This
is useful for both diagnosis and treatment. First, the
diagnosis of an underlying cardiac abnormality or other
intrathoracic lesion may become apparent only after
effective decompression and return of the mediastinum
to its normal position. Second, it can reverse fetal hydrops,
resolve polyhydramnios and thereby reduce the risk of
preterm delivery, and may prevent pulmonary hypoplasia.
Third, it may be useful in the prenatal diagnosis of pul-
menary hypoplasia because, in such cases, the lungs often
fail to expand after shunting. Furthermore, it may help to
distinguish between hydrops due to primary accumula-
tion of pleural effusions, in which case the ascites and
skin edema may resolve after shunting, and other causes
of hydrops such as infection, in which drainage of the
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Heart

Diaphragm

effusions does not prevent worsening of the hydrops.
Survival after thoracoamniotic shunting is more than 90
percent in fetuses with isolated pleural effusions and
about 50 percent in those with hydrops.

Cystic adenomatoid malformation
Cystic adenomatoid malformation may be bilateral,
mvolving all lung tissue, but in the majority of cases it is
confined to a single lung or lobe. The lesions are either
macrocystic {cysts of at least 5mm in diameter) or
microcystic (cysts less than 5 mm in diameter). In 85 per-
cent of cases, the lesion is unilateral with equal frequency
in the right and left lungs and equal frequency in the
microcystic and macrocystic types, In about 10 percent
of cases, there are other abnormalities, mainly cardiac
and renal.

DIAGNOSIS

Prenatal diagnosis is based on the ultrasonographic
demonstration of a hyperechogenic pulmonary tumor
which is cystic (CAM type 1}, mixed (CAM type 2},
or solid — microcystic (CAM type 3} (Figure 11.5}.
Microcystic disease results in uniform hyperechogenicity
of the affected lung tissue. In macrocystic disease, single
or multiple cystic spaces may be seen within the thorax.
Both microcystic and macrocystic disease may be associ-
ated with deviation of the mediastinum. When there is
compression of the heart and major blood vessels in the
thorax, fetal hydrops develops. Polyhydramnios is a com-
mon feature and this may be a consequence of decreased
fetal swallowing of amniotic fluid due to esophageal com-
pression, or increased fluid production by the abnormal
lung tissue. Prognostic features for poor outcome include
major lung compression causing pulmenary hypoplasia,

Cystic adenomatoid malformation

‘Extratobar séquestration

Figure 11.5 Cystic adenomatoid
malformation of the lung and
pulmonary sequestration. The
ultrasound scans on the left shaw
the appearance of the normnal
fung in transverse fabove) and
fongitudinal (befow) section. The
middie picture is a transverse scan
showing a cystic adenomataid
malformatian (indicated by the
arrow). On the right is @ picture of
transverse scan showing an
extralobar sequestration
findicated by the arrow).

polyhydramnios and development of hydrops fetalis
irrespective of the type of the lesion.

FETAL THERAPY

Large intrathoracic cysts causing mnajor mediastinal shift
can be treated effectively by the insertion of thoracoam-
niotic shunts. In the case of large solid tumors resulting
in hiydrops, intrauferine surgery involving hysterotorny
and excision of the tumor has been reported. A less inva-
sive approach is ultrasound-guided laser ablation of the
blood supply to the tumor.

Extralobar pulmonary sequestration

This condition is classically divided into intralobar
{about 75 percent) and extralobar {about 25 percent),
but the difference (which is based on the presence or
absence of a separate pleural covering from the normal
lung} cannot be accurately determined with prenatal
ultrasound (Figure 11.5),

DIAGNOSIS

The sequestrated portion of the lung appears as a homo-
geneous, brightly echogenic mass in the lower lobes of
the lungs or in the upper abdoinen (infradiaphragmatic
sequestration). The diagnosis is confirmed by color
Doppler demonstration that the vascular supply of the
sequestered lobe arises from the abdominal aorta. A large
lung sequestration may act as an arteriovenous fhstula
and cause high-output heart failure and hydrops.

Laryngeal obstruction

On ultrasound examination, veluminous lungs may be
detected (Figure 11.6).
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Figure 11.6 faryngeal obstruction. Ultrasound appearances
of laryngeal abstruction — note the dilated trachea above
the obstructian and the voluminous fungs.
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Computerized tomography

In the last decade there has been continued development
in the diagnostic imaging techniques of computerized
tomography {CT), magnetic resonance imaging (MRI)
and ultrasound {US). All are now achieving speeds of
data acquisition resulting in enhanced resolution of the
thorax. CT can now define lung anatomy and pathologi-
cal processes within the lung to the level of the secondary
pulmonary lobule. Despite this, the standard portable
chest radiograph remains the diagnostic fulcrum of the
radiological investigation of neonatal lung disorders.
Harnessing the newer techniques with the chest radio-
graph for an accurate diagnosis in the neonate requires
an understanding not only of their appropriate clinical
indications, but also the limitations that may alter their
diagnostic utility. In this chapter, the basic physical prin-
ciples of the techniques and their radiological interpreta-
tion according to recognized disease classifications are
described.

CHEST RADIOGRAPH

General principles

Standard chest radiographs are taken i the supine posi-
tion using an anterior-posterior projection with a film
focus distance of 1 m and the neonate gently breathing,
that is, avoiding the extremes of the respiratory cycle.
Whether taken portably or within the radiology depart-
ment, attention to detail in technique is essential. Poor
positioning of the infant!'* and overlying monitoring
equipment can produce appearances and artifacts, which
often result in misinterpretation or ‘overdiagnosis’ of a
normal radiograph. The onus to avoid such problems lies
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with the radiographer, but guidance from the pediatric
radiologist and assistance from neonatal practitioners
are core elements. When assessing the chest radiograph,
it is essential not anly to carefully view the appearance of
the lungs, but also the bony structures {p. 505) and the
structures visible outside the thorax (Figure 11.7a and b).

Interpretation of the chest radiograph requires an
understanding of normal anatomy, the variance in appear-
ance with gestational age and the normal variants that
may simulate pathology. In addition, it is important to
correlate the objective radiological signs with the clinical
diagnosis. Assessinent of the radiological signs requires
consistent descriptive terminology. Only by use of the
same radiclogical language will there be clear under-
standing of the relationship of pathology te radiology.
There is agreement as fo the appearance of ‘perihilar
haziness), ‘interstitial shadowing’ and “cystic change’ and
their relationship to gauging the severity of chronic lung
disease {CLD). The definition of ‘mottled’ and ‘fluffy
shadows’ is less clear, Adopting rigid terminology facili-
tates the use of scoring systems, which correlate with
physiological parameters and can then act as predictors
of prognosis (p. 408).%

Normal anatomy
In the newborn, the bifurcation of the trachea Jies at the
level of the third thoracic vertebra, but during inspira-
tion it elongates, dilates and moves anteriorly in a caudal
direction. This appearance may be increased by any degree
of rotation. Interpretation of tracheal deviation should
take account of such normal physiological variation and
the phase of respiration. The position of the individual
lobes is established in the eariy weeks of life, although the
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{b) _

Figure 11.7 {a) Chest radiograph of a smali-for-dates 30-
week gestation infant who had an acute deterioration. The
chest radiograph revealed right upper tabe collapse, but
afso intrafuminal gas in the abdomen in the right upper
quadrant. {b) The infant required intubation and
ventifation and the abdominal radiograph taken one hour
after the first radiograph demonstrated extensive
necrotizing enterocolitis.

relative size, shape and position of the fissures are vari-
able, None of the finer components of the lobules, namely
the individual alveoli, lobes or septa, are usually visible,
but may become apparent as an abnormal sign with the
development of interstitial lung disease. Hilar shadows
are composite, representing pulinonary vasculature, prox-
imal bronchi, peribronchial connective tissue and lym-
phatics. A variation in hilar size is well recognized. The
phase of respiration, the radiographic projection, as well
as developmental variants, may influence hilar size,
narrowing the window between abnormal and normal.
‘Normal’ pleura is invisible radiologically, so that demon-
stration of any pleural reflection indicates a pathological
process. On the radiogiaph, however, it might not be
possible to distinguish between fluid, particularly if it is
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encysted or adjacent to the mediastinum, and an area of
solid pleura other than by ultrasound or CT examination.
The mediastinum is prominent in neonates on the antero-
posterior (AP} projection and may be further exagger-
ated by a lordotic projection, expiration or a ‘normal’, but
prominent thymus gland. The normal thymus may be
difficult to distinguish from pathological abnormalities,
but should be identifiable in the first day after birth even
in a neonate with respiratory distress and usually does not
displace normal mediastinal structures. Rapid enlarge-
ment of the thyinus, termed thymic rebound, may occur
following a period of neonatal stress and may mimic
mediastinal disease.

In neonatal lung disorders, the interpretation of the
chest radiograph allows the diagnosis of three broad cat-
egories of disease: abnormalities of aeration, circulation
and development (Table 11.1).

ABNORMAL AERATION

Air in the alveoli and, to a lesser extent, the bronchial
tree provides a natural radiolucency to contrast with the
soft tissue density of the mediastinum and bony density
of the thoracic cage. Any process which affecis alveo-
lar aeration by producing transudation of fluid into the
small alveoli with atelectasis (RDS), increased interstitial
and alveolar exudates {congenital pneumonia) or increased
alveolar fluid (transient tachypnea of the newborn, cardiac
failure, pulimonary hemorrhage) results in increased lung
opacity, air bronchograms and altered lung expansion. It is
an important radiological principle that, although aiveo-
lar *filling’ can be detected radiclogically, the exact diag-
nosis can oniy be established in connection with clinical
data. For example, instilled exogenous surfactant will
also fil the alveoli, maintaining patency of the terminal
bronchioles and this pattern of diffuse opacification with
air bronchograms will mimic retained lung fluid or aspi-
ration and may seem at odds with an iinproving respira-
tory status in the baby. Hypoventilation will result in the
(alse observation of reduced lung volume even in the pres-
ence of normal lung structure and voluine. Abnormalities
of the thoracic musculature, diaphraginatic paralysis and
developmental or acquired disorders of the central nerv-
ous system, which limit thoracic excursion, are recognized
causes. All orders of the lung structure are underaerated
fromn the central airways to the alveoli, however, and,
therelore, air bronchograms and variable alveoli aeration
tend not to be a leature. The distribution of this trapped
air may be alveolar, lobular, segmental, lobar or affect one
or both lungs in a varying distribution dependent on the
underlying pathological process. If it involves a single
lung or both lungs symmetrically, thep this is an indication
of air trapping consequent to large airways obstruction
or secondary to an iatrogenic cause of ‘overventilation. If
confined to more distal airways, then areas of hyperinfla-
tion and atelectasis generally coexist. Such changes are
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Tahble 11.1 Radiological features of specific disorders

Respiratory distress syndrome (Chapter 19)

* Normal to decreased aeration

* Patent terminal airways surrounded by airless alveoli
results in diffuse opacihication

* Proximal air bronchograms

Transient tachypnea of the newborn (Chapter 20)

* Overaeration of lung fields with flattening of
diaphragms

* Diffuse opacification with air bronchograms

* Interstitial Huid in the fissures and other reflections of
the pleura

* (learance may be asymmetrical with or delayed in the
perihilar zones

* Overaeration may persist as Huid clears within 48 hours

Meconium aspiration {Chapier 23)

* Overaeration of lung fields with focal areas of air
trapping
Areas of segmental consolidation

¢ Pulmonary edema with small effusions and septal
fines may occur

* PPHN, barotrauma or bacterial infection may
complicate initial radiological signs

Congenital pneumonia (Chapter 21}

* Specific infections, such as GBS, may mimic RDS
* Segmental infiltrates or lobar consolidation

* Normal lung volumes or focal overaeration occur

Persistent pulmonary hypertension (Chapter 26}
* Normal lung volumes and aeration
* Pulmonary oligemia

Pulmonary venous obstruction and pulmonary edema

{Chapter 27)

* Diffuse opacification with air bronchograms and
interstitial pulmonary edema

* Hypoplastic left heart syndrome, total anomalous
pulmonary venous return with cbstruction of the
anomalous vein and the non-cardiogenic causes of
pulmonary edema are all associated with these
non-specific chest radiograph signs. The differential
diagnosis includes pulmanary lymphangiectasia

Chronic lung disease {Chapter 29)

* Diffuse opacification with zonal or total lung
involvement
Hyperinflation with cystic changes
Interstitial changes of compressed lung and fibrosis
adjacent to areas of emphysema and cyst formation

characteristic of prolonged ventilation for RDS, meconium
aspiration syndrome and pneumonia. Chronic lung dis-
ease resuits in destruction of alveoli, producing areas of
focal emphysema appearing radiologically as cystic change.
These cysts can enlarge in size, compressing adjacent lung
parenchyma and producing a mixed patiern of aeration.

Determining the anatomical location of intrathoracic
air can be a radiological challenge, as there are often
differing clinical implications. Pneumothorax and pneu-
momediastinum produce a well-recognized appearance

(p. 313). Differentiating interstitial air from overdisten-
ded alveoli, however, is often difficult. Classically inter-
stitial air is seen in a subpleural location, along the lines
of the fissures in a perihilar, perivascular distribution.
Both interstitial air and overdistended alveoli may vary
with the degree of lung inflation, but usually cysts are
clearly marginated and constant in anatormical site,

Abnormalities of the circulation

The diagnosis of circulatory disturbances secondary to
congenital cardiac abnormalities is no longer the province
of the chest radiograph, but rather than of echocardiog-
raphy. Recognition of pulmonary oligemia or plethora,
abnormalities of the vascular pedicle or coexistent skeletal
features of a syndrome, however, may be helpful in sug-
gesting a non-pulmonary diagnosis in a hypoxic neonate.

Cardiac failure leads to stasis of blood in the pul-
monary vessels and accumulation of fluid in the alveoli
and nterstitium. Engorgement results in enlargement of
vascular markings both centrally at the hilar and in the
lung periphery (p. 388). Non-cardiogenic transfusion
reactions, uremia and intracerebral trawma produce the
same patterns and cannot be differentiated other than by
clinical correlation. The diagnosis of left heart failure in
association with the hypertension of CLD is often diffi-
cult because the distribution of the fluid is atypical. The
characteristic perihilar ‘bat’s wing appearance is absent
and replaced by a pattern of segmental consolidation mir-
roring infection. A response to diuretics demonstrated on
an early interval flm may be the only radiological sign by
which the diagnosis mnay be made.

Abnormalities of development

Many developmental abnormalities will have been diag-
nosed by antenatal ultrasound (p. 92) and the postnatal
radiological findings at birth are often confirmatory and
may provide a baseline for management. Careful evalua-
tion on the radiograph of the extent and pattern of involve-
ment in a bone dysplasia may allow a definitive diagnosis
to be inade and the outcome predicted.

The early diagnosis of esophageal atresia with or with-
out tracheoesophageal fistula is reliant on the correct
radiological interpretation. In more than 85 percent of
infants with esophageal atresia there is communsication
of the trachea or one of the primary bronchi with the
inferior esophageal segment. Aspiration {rom the blind
upper esophageal pouch into the larynx and main bronchi
results in consolidation and atelectasis, More problematical
is the tracheoesophageal fistula without atresia. Recurrent
widespread pneumonia associated with abdoniinal dis-
tention can occur. Investigation is directed at identifica-
tion of the fistula by videofluoroscopy. It is important to
recognize that opening of the fistula may be intermittent
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and more than one study may be necessary to make the
diagnosis.

Intrapulmonary developmental abnormalities such as
lung cysts, cystic adenomatoid malformations and pul-
monary sequestration may be diagnosed on the chest
radiograph (p. 465). The characteristic features may be
modified by antenatal intervention; for example, place-
ment of transthoracic drains may produce a pleural reac-
tion or prneumothorax and alter the appearance of the
cyst at birth by deconipression. Awareness of these factors
will help to prevent erroneous diagnoses.

Indications
Clearly, any infant who has had an acute deterioration in
respiratory status should have a chest radiograph. A
policy of routinely obtaining daily chest radiographs in
mechanically ventilated, very low birthweight infants dur-
ing the acute stage of their illness can also be helpful as it
yields new information with regard for patient care. In
one study,’ new abnormalities were demonstrated in 50
percent of chest radiographs examined. Differences in
the chest radiograph appearance can also document
responses (o therapy.>'>!* The chest radiograph appear-
ance can also be predictive of chronic oxygen dependency®
and the development of chronic respiratory problemns at
follow-up.’® It has, however, been questioned whether
the chest radiograph appearance is reliable for the pre-
diction of bronchopulmonary dysplasia {BPD).” The
lung area can be assessed from the chest radiograph and
using computer-assisted analysis the lung area so derived
correlates closely with lung volume.® The chest radio-
graph lung area has been used to predict the hkely suc-
cess of extubation,! outcome in infants with congenital
diaphragmatic hernia (CDH)* and facilitate optimiza-
tion of oxygenation on transfer to high-frequency oscil-
lation (HFC).3

ULTRASOUND

Principles

Ultrasound is now established as a contributory method to
our understanding of anatomical relations and to image
soft tissue pathology. Quantitation of movement using
the Doppler techniques allows studies of blood flow.
There is no conclusive evidence that when ultrasound is
used at diagnostic levels of intensity, tissue damage
results, Recent advances have resulted in the development
of small, mobile machines with a high-resolution capabil-
ity, invaluable to neonatal units. Its efficacy, however,
remains dependent on the interpretive skills and level
of expertise of the operator; for example, ultrasound is
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subject to many artifactual signals which complicate
interpretation.

Physical principles
Ultrasound is a high-frequency mechanical vibration
produced by a transducer made of a piezoelectric mate-
rial, which changes thickness as a voltage is applied to it.
Ceramic materials, in particular lead zirconate {Pbt)
derive their piezoelectric properties from their possession
of a large charged atom loosely held in a complex crystal.
When pulsed it produces a resonant frequency for trans-
mission. The piezoelectric effect is symmetrical, so a
returning ultrasound wave is converted into an elecirical
signal for analysis. The principle of image production is
dependent on the interaction of the ultrasound wave with
tissue by conduction, atienuation and reflection. In basic
terms, reflection of a sound wave occurs when it crosses
an interface of two tissues of differing elasticities. Some of
the incident energy fails to cross and returns as an echo.
The echo intensity depends on the degree of change of the
elasticity of the interfacing tissues. The greater the differ-
ential in elasticity, the greater the reflection with produc-
tion of acoustic shadowing. Visceral gas and bone, which
are markedly different in their elasticity from surround-
ing soft tissue, are impenetrable windows to ultrasound.
The Doppler principle is the basis of blood flow assess-
ment. It depends on a shift in frequency of a wave when
the source moves relative to the receiver. The shift in fre-
quency is proportional to the velocity of the blood, so
measurements are directional and quantitative.

Indications (Table 11.2) and limitations

Established applications of ultrasound are in obstetrics
and examination of the abdomen, cardiovascular system
and neonatal brain. The inability of high-frequency sound
waves to Cross tissue—gas or tissue—bone interfaces has
limited its applications to the thorax. Fluid-flled lungs
antenatally become air-filled at birth so its impact in
structural Jung disorders is largely lost at birth. Real-time

Table 11.2 indications for ultrasound in the neonate

* Diagnosing pleural disease, the presence of Auid, and
its anatomical site

* {Confirming renal agenesis in the presence of
pulmonary hypoplasia

* Diagnosing congenital heart disease as a cause of an
acute respiratory presentation

* Evaluating intracranial complications in seriously ill
neonates

¢ Assessment of the hepatobiliary system when liver
function abnormalities develop

* Guidance for drainage procedures or central vengus
line placement
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scanning, however, could facilitate the placement of
catheters and drainage catheters into areas of potential
pathology.

COMPUTERIZED TOMDGRAPHY

General principles

Computerized tomography provides an important adjunct
to the chest radiograph in the assessment of structural lung
disorders.'® Advances in technology are now directed at
faster scanning times with improved spatial resolution.
Such developments enhance the potential role of CT in
pediatrics, although controlling irradiation must remain
a fundamenta!l aim.

Physical principles
Computerized tomography uses ionizing radiation to
produce a cross-sectional image of the patient. Optimal
direction of the beam results in detection of fine differ-
ences of attenuation so that soft tissues, fat, air and bone
can be more clearly distinguished. The scanner consists
of a moving table coupled with a gantry, which contains
an array of detectors receiving the variably attenuated
beamn from differing sections of the patient. Multidetector
scanners detect and analyze a ‘slice’ in milliseconds so that
cardiac and respiratory movement does not degrade the
image and resolutien is enhanced.

The CT image is displayed on a video monitor and
consists of a matrix of picture elements (pixels) rep-
resenting the linear attenuation values at that level. The
attenuation values of the emergent beam are expressed as
CT nuinbers. The scale of Hounsfield units (HU} relates
the attenuation value of tissues to that of water on a scale
of +1000 to —1000. Bone and soft tissue have higher
attenuation levels than water and are expressed as posi-
tive numbers, whilst fat and air are expressed as negative
numbers. The CT number for air is ~1000 HU, for soft
tissue +40 to +60HU and for fat —60 to —100HU.

Iodinated contrast agents injection allows deinonstra-
tion of vascular anatomy and distinguishes a mass from
normal vascular structures in the mediastinum, for
example. Following the early intravascular phase, con-
trast rapidly enters the extravascular space by diffusion.
Parenchymal enhancement may be a key factor in differ-
entiating normal from abnormal tissue by their differing
vascularity. The liver and kidney provide the best exam-
ples of this phenomenon. Tumors within these organs
alter blood flow and therefore appear of differing attenu-
ation to the normal surrounding parenchyma.

High-resolution computed tomography (HRCT) has
further advanced our understanding of lung structure
and its alteration in disease. There are two key differences

between conventional CT and HRCT; first, the beam col-
Limation/slice thickness is narrower (1-3 mm}, improv-
ing spaftial resclution. Second, a specialized algorithm
is used to construct the data in HRCT, accentuating
the natural density differences between the aerated lung
and the interstitium, improving the conspicuity of
vessels, small bronchi and interlobular septa. In a typical
HRCT examination, images are interspaced at a gap of
10-20 mum and hence the lungs are sampled at certain
levels, minimizing the radiation exposure to the patient.
Subtle changes in lung density with areas of decreased
attenuation, particularly in the expiratory phase, termed
mosaic perfusion, are characteristic of small airways
disease. In addition, interstitial processes produce
radiclogical signs that may be pathognomonic of their
etiology.

Although this technique is of limited utility in acute
respiratory distress, its sensitivity in diagnosing small
or large airways disease in later life as a sequel of these
neonatal respiratory disorders is predictable and may
form a further method of scoring severity of disease and
predicting prognosis.

Indications (Table 11.3) and limitations

Computerized tomography scanners cannot be used at
the cotside. Transfer of ventilated, hemodynamically
unstable neonates to the radiclogy department presents
logistical problems. Although these can be overcome,
the indication for the examination and influence of the
result on management has to be critically examined.
Often high-quality images can only be produced under
general anesthesia, which may be undesirable in a
neonate with chronic lung disease. The examination
must be tailored to the clinical problem. The radiologist
conducting the examination must therefore have a clear
idea of the question to be answered. Lesions in infants
with CLD with chrouic pulmonary dysfunction are
visualized betier on CT scan than on chest radicgraph

Table 11.3 Indications for CT examination

* Determination of anatomical sites of areas of cystic
change {congenital or acquired) and whether single or
multiple lobar invoivement is present

+ |dentification of the extent of smail and large airways
disease in CLD

= Evaluation of mediastinal masses and their
relationship to normal vascular structures

+ Evaluation of pleural disease {in conjunction with
ultrasound)

* Assessing inira-abdominal masses, which may be
limiting diaphragmatic movement. Ultrasound is the
initial technique of choice, but evaluation of the
retroperitoneum may be superior with CT, although
often they produce complementary images
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(b}
Figure 11.8 (a) Chest radiograph demonstrating changes of
BPO (p. 407) and right upper fobe collapse. (b) CT scan of
the same infant. The right upper lobe collapse is obvious;
the mediastinal shift, subpleuraf cysts and areas of
emphysema are much more prominent on the (T scan than
the chest radiograph.

{Figure 11.8a and b). Common findings in such prema-
turely born infants include multifocal areas of hyper-
aeration, linear and triangular subpleural opacities, but
not bronchiectasis.!!

MAGNETIC RESONANCE IMAGING

General principles
Magnetic resonance imaging is a non-invasive technique,
which avoids ionizing radiation and appears without haz-
ard. Complex physical principles are employed, but the
basis of the technique is the use of radiofrequency waves
in a magnetic field to produce cross-sectional images by
portraying the distribution of hydrogen nuclei and their
motion in water and lipids. All scanners are constructed
from a large magnet in which are situated gradient coils,
to receive or transmit the signal. MRI is based on the prin-
ciple that when a uniform magnetic field is applied to the

the magnetic field in 2 movement known as precession.
After this disturbance, the magnetization returns to equi-
librium. This changing magnetic field induces a small voit-
age in a receiver coil surrounding the patient. The pattern
of relaxation to equilibrinin is the basic parameter for
analysis. Many parameters, which are beyond the scope of
this text, may be analyzed for image production, but the
most commonly used are proton density, longitudinal
relaxation time (T1) and transverse relaxation time (T2).
Proton density parallels electron density of radiographs,
fluid having a high proton density followed in diminish-
ing order by soft tissue, liver, gray matter, white matter,
cartilage, cortical bone and air. Conditions resulting in
edema produce increased proton density. A decrease
occurs in fibrosis and if calcification develops. Individual
tissues have characteristic T1 and T2 ineasurements
according to the strength of the applied field.

Edema similatly results in an increase in both T1 and
T2. Paramagnetic particles, of which hemosiderin is the
most common endogenous product, or gadolinium
diethylene triamine pentaacetic acid (DTPA) injected as a
contrast agent, decrease T1 and T2.

Clinical indications and limitations
More specific tissue characterization, multiplanar images
and quantitative measurement of flow are the inherent
advantages of MRI over CT. Like CT, MRI is not portable
and clear clinical indications must be sought. Motion and
respiratory artifact place potential limits on resolution,
but these are being addressed by fast scan times coupled
with cardiac and respiratory gating.

Many of its clinical indications mirror those of CT, but
miost observers recognize its advantage in neuroimaging,
particularly for white matter disease and also within the
musculoskeletal system. To date no clear advantage has been
found in the thorax for structural lung abnornialities and
there is a limiting physical principle of lung tissue suscepti-
bility on MR that suggests CT will remain pre-eminent.
Imaging of congenital heart defects is now established, but
echocardiography remains the Daseline investigation of
choice. Magnetic resonance angiography (MRA) displays
vascular anatomy non-invasively and is based on the prin-
ciple of protons in flowing blood producing a high signal
against a background of little or no signal from stationary
tissues. Consequently the requirement for invasive vascu-
lar procedures other than as a prelude to intervention is
receding.

NUCLEAR MEDICINE

General principles

Radioactive gases (xenon or krypton) are used to assess

hydrogen nuclei (or protons) within tissue they align wifly 4 regional ventilation. When these are inhaled while
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technetium-labelied particles or macro-aggregated albu-
min or human serum albumin is injected, ventilation and
perfusion matching in the lung can be evaluated.

Indications and limitations
Regional lung function may be assessed in children with
chest wall deformities with serial studies. Unilateral pul-
monary hypoplasia, lobar emphysema, cystic adenomatoid
malformation and pulmonary sequestration produce
ventilation/perfusion-matching defects. In acquired dis-
turbances of aeration, classically chronic lung disease of
prematurity, abnormal areas of ventilation, which are
areas of focal emphysema, may be demonsirated. It is not
uncommon for areas abnormal on the chest radiograph
to have relatively normal ventilation. The ‘functional’
study therefore provides important information for
management when matched with the structural imaging
techniques.
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Technigues 106
Indications and results of bronchoscopy

In the last 20 years, bronchoscopy, especially fiexible
bronchoscopy, has emerged as an important diaghostic
tool for pulmonary pediatricians.®*”® Technical itnprove-
ments have led to the development of small instruinents
that are now suitable for use in neonates, even those born
prematurely.’’ Bronchoscopy, however, is still under-
utilized, particularly for infants on neonatal intensive
care units (NICUs).

TECHNIQUES

Initially, rigid bronchoscopy was the only form of direct
airways visualization possible in neonates and some
units still use this technigue. Examination is usually pei-
formed under general anesthesia. The sizes of broncho-
scopes used for neonates are 2.5mm and 3mm. A rod
lens telescope passed through the rigid bronchocope
allows a very high optical resolution. The internal
diameter of rigid bronchoscopes allows the insertion of
instruments and operative manipulation (for example,
excision of granulation tissue). Rigid bronchoscopy also
appears better for examination of the posterior aspect
of the larynx and tracheoesophageal fistulae (TOF).>%
Small flexible bronchoscopes (FBs) were developed 20
years ago, Three sorts of FB are currently available for
neonates:

¢+ The standard pediatric FB (BF 3C40 Olympus
corporation, FB-10V Pentax corporation) is 3.5 min
in outside diameter and has a suction channel
1.2 mn in diameter.

+ The slim’ EB, recently available on the market (BFXP40
Olympus Corporation), is 2.7 mim in outsicde diameter
and still has a suction channel 1.2 inm in diameter.
More therapeutic maneuvers, such as aspiration of
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mucous plugs, and satisfactory bronchoalveolar
lavage may be possible in the intubated newborn.”

» More extensive miniaturization of FBs has led to
“ultrathin’ FBs. Models currently available (2.2 mm
BEN20 Olympus Corporation, 2.2 mm ENT 30F
Machida) have a directed tip but no suction channel.
Some models have neither distal flexion nor suction
capability, These later instruments are useful for limited
purposes, primarily to verify the patency and possibly
the position of endotracheal or tracheostomy tubes.

In mature, spontaneously ventilating and stable neo-
nates, the procedure may be performed on an out-patient
basis. Heart rate and oxygen saturation must be continu-
ously monitored in all patients during the procedure. As
in older children, a combination of intravenous sedation
(midazolain, 75 pg/kg), and topical analgesia [2 percent
lidocaine (lignocaine) sprayed on the vocal cords] is used
commonly. Deep sedation, however, has the advantage that
the airway is constantly monitored by an anesthesist. The
bronchoscope can be inserted pernasally, through a laryn-
geal mask®! or through the tracheostomy port. In infants
of weight less than 3 kg, the 3.5 min FB will usually nearly
totally obstruct the airways and a 2.7 mm FB is preferred.
Adequate oxygenation can be obtained by preoxysenation
with 100 percent oxygen, but adequate ventilation will not
be achieved if a 3.5 mm FB is used. Supplementary oxygen
during the procedure may be given by nasal prongs or via
a facial mask. If a 2.2mm FB bronchoscope is used, the
upper airways should be carefully suctioned, as the instru-
ment has no operator channel.

In ventilated neonates, new ‘slim’ and ‘ultrathin’ FBs
are sufficiently small to pass through a no. 3 {also a
3.5mm which is preferred) endotracheal tube (ET) and a
2.5 ET tube, so that extubation is no longer necessary for
airway exploration (Figure 12.1). The cross-section of
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Figure 12.1 Passage of a flexible bronchoscope in a
ventilated infont.

the 2.2 mm diameter BFN20 is approximately one-third
that of the pediatric F8 (3.8 mm? versus 10 mm?), thus
allowing sufficient spontaneous ventilation, even in low
birthweight newborns. All FBs are performed after pre-
oxygenation in order to obtain oxygen saturation greater
than 90 percent. Except for supplementary oxygen changes,
ventilator settings remain unchanged during the proce-
dure. Analgesia with narcotic agents such as fentanyl is
commonly used, but sedation is rarely adininistered. The
FB is passed through a double swivel bronchoscopic
adaptor located between the ET tube or the tracheo-
stomy and the ventilator. The adaptor 1s specially htted
with a cleft to accommodate the FB and thus allows
uninterrupted mechanical ventilation and oxygen deliv-
ery. As the time the bronchoscope is below the glotiis is
limited to no more than 30-40 seconds,* video record-
ing of the procedure is necessary for a further and closer
assessment of the findings.

Tolerance

Due to the smail airways of neonates, the risk of compli-
cations of bronchoscopy is greater than in older children
(Table 12.1). Hypoxemia and transient bradycardia are
common and indicate the need to remove the broncho-
scope from the airway and to deliver oxygen by mask.
Cohn ef al.® noted complications during 4 of 129 pro-
cedures (3 percent) using a 3.5 mm FB in infants with
bronchopulmonary dysplasia (BPD). Three suffered
moderate complications (bradycardia, mild nasopharyn-
geal bleeding, transient stridor) and one a severe compli-
cation (respiratory distress).

Ultrathin FBs are better tolerated and the studies using
2.2mm FBs highlighted that, after preoxygenation, no
serious adverse cardiovascular effects occurred. Shinwell
reported no severe changes in oxygen saturation or
arterial blood gases; transient hypoxemia (520, always
greater than 82 percent) and bradycardia occurred dur-
ing procedures, but resolved spontaneously in less than
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Table 12.1 Main complications of
bronchoscopy in neangtes

Hypoxia

Apnea

Hypercapnia

Bradycardia

Pulmonary hemorrhage

Infection

Pneumothorax

Transient rise in systolic blood pressure
Intracranial hemorrhage

Hypothermia

1 minute.** In the study of Schellhase,* transient hypox-
emia occurred in 5 of 21 procedures and the lowest Sa0),
noted was 82 percent. Transient bradycardia occurred in
4 of the 21 procedures; the lowest heart rate noted was
60 beats/mnin. Tolerance of the patients in our series was
quite simnilar.'® Unexplained rises in systolic blood pressure
of more than 10 mmHg occurred in 8 of 21 infants and
lasted for up to 1 hour in three infants, but this was
without any clinical manifestation.*

Clearly, to be well tolerated, flexible bronchoscopy in the
neonate requires certain precautions. The procedure must
be done in an intensive care unit, rapidly, under cardiac and
oximetry monitorimg and by an experienced pediatric
bronchoscopist. Flexible bronchoscopy in neonates requires
competent well-trained operators, using a videosystem. ™

Rigid or flexible bronchoscopy?

Most bronchoscopists who regularly use both rigid and
flexible bronchoscopes believe that most of the data
yielded by rigid bronchoscopy may alse be obtained by
flexible bronchoscopy even in neonates.*® The choice is
often as much a matter of individual preference as of the
instruments available. The advantages of FB over rigid
bronchoscopy include that they may be used as a bedside
technique, FB can be done under local anesthesia and
thus allows visualization of airway dynamics, and diag-
nosis of tracheomalacia and bronchomalacia and FB can
be performed in an intubated patient. Conversely, in low
birthweight neonates, FB obstructs the proximal airway
more than rigid bronchoscopy. In addition, rigid bron-
choscopy allows a better examination if there is suspicion
of an H-type TOF or posterior laryngeal problems and
rigid bronchoscopy is irreplaceable when operative
manipulations are necessary (p. 442}.

INDICATIONS AND RESULTS OF
BRONCHOSCOPY

The indications for bronchoscopy in neonates and
long-term intubated premature infants can be based
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Table 12.2 Moin indications for flexible bronchoscopy in
neonates

Persistent atelectasis/hyperinflation
Unexplained episodes of cyanosis
Unexplained respiratory distress
Failure to extubate

Assessment and diagnosis of stridor
Acute atelectasis

Assessment of lung malformation
Assessment of unexplained pulmonary hemorrhage
Difficult intubation

Position of endotracheal tube
interstitial pneumonitis

Table 12.3 indications for 201 flexible branchoscopies at
the Necker Enfants Malades Hospital

Indication Number
Persistent atelectasis/hyperinflation 77
Unexplained episodes of cyanosis 23
Unexplained respiratory distress 20
Controil of previously diagnosed stenosis or

granuloma 16
Stridor 14
Acute atelectasis 15
Interstitial pneumenitis 1
Pulmonary interstitial emphysema 10
Assessment of lung malformation 8
Miscellaneous 7

upon clinical signs and/or radiological abnormalities
(Table 12.2).2**'> At the Necker Enfants Malades Hospital
we performed 201 bronchoscopies in infants between
January 1982 and January 1992 (Tables 12.3 and 12.4),
One hundred and nineteen infants were intubated at the
time of examination. The main indications for FB were
unexplained episodes of respiratory distress or cyanosis
and persistent atelectasis/hyperinflation, and broncho-
scopy was done to search for airway obstruction.

Congenital malformations affecting the
tracheobronchial tree
ESOPHAGEAL ATRESIA AND
TRACHEQESOPHAGEAL FISTULA

Rigid bronchoscopy under general anesthesia should be
considered in neonates suspected of an H-type TOE*%73!
Bronchoscopy is helpful in the diagnosis of TOF and
evaluation of associated congenital anomalies in the
tracheobronchial tree and position of the aortic arch,
which decides the side of the thoracotomy. Instillation
of 10 percent diluted methylene blue into the upper
esophagus may assist in detection of the TOF when blue
fluid can be seen coming from the fistula tract.

Table 12.4 Findings on 207 £Bs in 171 infants (one or more
findings may be observed during the same flexible
bronchoscopy)

Finding Number
Normal Hexible bronchoscopy 58
Important inflammation and mucous
secretions 36

Stenosis ’ 23

trachea 9

right main stem bronchus

hronchus intermedius 11

left main stem bronchus
Granuloma 14

trachea 6

right bronchi 8

left bronchi 3
Malacia 27

trachea 20

bronchomalacia 14
Proximal airway compression 13
Tracheobronchial abnormality (tracheal

bronchus, fistula, lung hypoplasia) 16

Blood-tinged aspiration 7
Laryngomalacia 3
Foreign body 1
Isolation of RSV in BAL 3

CONGENITAL OBSTRUCTION GF THE AIRWAY

Laryngomalacia with an clongated or floppy epiglottis is
the major cause of benign congenital stridor. In a neonate
with an inspiratory and/or expiratory component stri-
dor, however, airway obstruction is highly likely and
endoscopy is required. Indeed, an endoscopic examina-
tion of the entire respiratory tract remains the most
effective way to establish an accurate diagnosis. Wood
and Postma found that nearly 15 percent of young
patients with stridor had a significant lesion below the
glottis level, although a plausible explanation for the
stridor was also seen at the glottis or above.” Numerous
intrinsic or extrinsic congenital malformations may be
considered.

ANOMALIES OF THE TRACHEOBRONCHIAL TREE

A wide variety of tracheal or bronchial anomalies may
be explored by endoscopy:™ these include congenital
tracheal stenosis with concentric circular cartilagous
rings, bronchial stenosis, esophageal bronchus, unilateral
hypoplastic or agenetic lung.

Vascular anomalies

Anterior compression of the intrathoracic trachea due to
the innominate artery is the cormmonest vascular lesion
obstructing the airway. Bronchoscopy visualizes the
tracheal compression about 1-2 cm above the carina.'”
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Surgical correction should be restricted for patients with
severe symptoms (p. 393). An aberrant right subclavian
artery 1s also a frequent finding but in general does not
cause respiratory symptoms. When such an anomaly is
discovered by barium esophagogram, endoscopy shows
usually a smnall and non-significant, posterior pulsatile
compression which is not associated with any malacia.
With rigid bronchoscopy (but not with FB), compression
of the pulsatile bulge by the tip of the bronchoscope
induces the loss of the radial puise. In a very smail
number of cases, an aberrant right subclavian artery is
responsible for a significant tracheal compression and
needs surgical repair. By contrast, complete vascular
rings, whatever the type, usually show more severe com-
pression.>'® The residual tracheal lumen has a triangular
or a comma shape. In thesc cases an important malacia is
frequently associated, which may mask the vascular com-
pression. Finally, comipression may be due to a pulmonary
artery sling, which is often associated with tracheal
stenosis.

EXTRINSIC COMPRESSION DUE TO
BRONCHOGENIC CYST, HEMANGIOMA,
TERATOMA

Bronchoscopy is an important diagnostic tool in such
cases in association with other examinations such as
computed tomography.

CONGENITAL HEART DISEASE

Sormne severe congenital cardiac disorders {agenesis of the
pulmonary valves, an important left-to-right shunt and
mitral insufficiency) are associated with enlargement of
large vessels which may cause compression of proximal
airways.” Significant airway compression by a large vessel
may explain pulimonary chest radiograph abnormalities.!”

Bronchoscopy in mechanically
ventilated neonates

FREQUENCY

The true incidence of proximal aitways injury due to
mechanical ventilation is unknown, as systematic exam-
nation has rarely been performed, except in the prospec-
tive study performed by Schellhase.* Using a 2.2 mm FB,
they performed 21 serial bronchoscopies in eight con-
ventionally ventilated premature infants {(mean birth-
weight 1.239kg). FB was done within 24-36 houss of
admission, then 3-5 days, 10-12 days and fnaily at 4
weeks of age. Mucosal changes were classified as normal,
mild, moderate and severe according to the degree of
erythema, edema, the character and amount of secre-
tions and the presence of areas of hemorrhage and ulcer-
ations, Obstructive changes were classified according to
whether there were pseudomembranes, granulations,

stenosis and malacia. The authors found that during the
first days after birth, moderate to severe distal tracheal
mucosal injury, but not obstructive injury, occurred fre-
guently. Mucosal injury appeared to improve during the
first month after birth, while mild obstructive injury
began during the second week after birth, No defnitive
conclusions can be drawn, but one can speculate that
moderate to severe distal tracheal mucosal injury may be
an important risk factor for the development of later
obstructive injury. Two other prospective studies have
yielded conflicting results.”" In da Silva’s series,” less
than 5 percent of the 227 intubated neonates developed
respiratory stridor after extubation. Four underwent
bronchoscopy, mild subglottic stenosis was observed in
one and granulation tissue in three patients, By contrast,
in Downing’s series,'* flexible bronchoscopy identified
airway abnormalities in 27.3 percent of the 117 preterm
infants who were intubated for 7 days or more. The
abnormalities  included subglottic stenosis  andfor
tracheomalacia.

OBSTRUCTIVE LESIONS

In an intubated neonate, persistent lung atelectasis, local-
ized hyperinflation, unexplained acute respiratory failure
and unexplained attacks of cyanosis constitute well-
accepted indications for urgent bronchoscopy. A high
frequency of mechanical or dynamic obstruction of the
airway may be found. Furthermore, FB may disclose signif-
icant, but clinically unsuspected airway disease. Iinportant
localized inflammation, stenosis and granuloma formation
represent the most frequent lesions observed,'?1#2628 In
addition, FB can demounstrate inflamumatory phenomena
which are associated with long-term ventilation. Irregular
and asymmetric stenoses, associated with mucosal inflain-
mation located at the distal section of the trachea and on
the right side (main stem and bronchus intermedius) can
be seen; these are the target of the suction catheter during
suctioning. In another study of 129 flexible broncho-
scopies in 47 patients with BPD,® mechanical obstruction
of proximal airways was also frequently seen. The patients
had & mean age of 17 months, but had required mechani-
cal ventilation and/or suppleinental oxygen for at least the
first 30 days after birth. The indications for endoscopy were
usually the evaluation of previous subglottic stenosis and
tracheostomy. FB, however, frequently disclosed unex-
pected tracheal and bronchial lesions including granuloma
in 34 percent of cases, important inflammation or edema
in 25 percent of cases and tracheal (with or without
bronchial) stenosis in 36 percent of the infants.

In our study of 37 FBs performied in 33 infants on the
neonatal unit and using a 2.2mm FB,'" 28 procedures
were performed via endotracheal tube or tracheostomy.
When searching for airway obstruction in the presence
of persistent radiological abnormalities in mechanically
ventilated infants (particularly in cases of BPD and
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cardiothoracic malformations), we found that in 80
percent of the cases, an ultrathin FB exainination demon-
strated intrinsic abnornalities (granuloma, inflamma-
tory stenosis), malforination {tracheal bronchus}, severe
extrinsic compression, or severe tracheo- and/or broncho-
malacia. These airway ancinalies can exist concurrently
and their correct diagnosis is of paramount importance
in influencing management decisions. In the presence of
inflammatory lesions, granuloma or tracheobronchial
stenosis, due to prolonged ventilation and repeated
suctioning, the suction catheter should not be passed
beyond the end of the endotracheal tube. Probably, more
extended use of ultrathin FB in NICUs will confirm the
high frequency of such lesions even in neonates and
infants without abnormal chest radiograph.

MALACIA

Excessive expiratory collapse of the trachea or the main
stem bronchus is a well known cause of stridor, chronic
productive cough, recurrent pneumonia and cyanosis in
neonates. Primary tracheomalacia and bronchomalacia,
due to an inherent weakness of the cartilaginous walls of
the tracheobronchial tree, are rare and may be localized
ot diffuse. Localized secondary malacia is abserved fol-
lowing correction of esophageal atresia and when there is
any extrinsic pressure due to vascular anomalies or a
bronchogenic cyst, FB allows the evaluation of the degree
and extent of the narrowing. FB without general anesthe-
sia is the best instrument to diagnose bronchomalacia
and tracheomalacia because it allows a dynamic view of
both the upper and the lower airways. In the long term,
intubated neonates and especially in those with broncho-
pulmonary dysplasia, FB may reveal tracheomalacia and
bronchomalacia in up to 30-50 percent of cases.

SPECIFIC USE OF THE FLEXIBLE BRONCHOSCOPE

Evaluation of ET position and patency

Initially, the main indication of FBs and especially ultra-
thin FBs in intubated neonates was to check the position
or patency of the ET.!'%3¢ Flexible bronchoscopy with
ultrathin FBs is a rapid and effective method for ensuring
appropriate tube position and patency when, in acute
circumstances, there is the question as to whether the ET
has been dislodged or may be blocked with mucus.

Difficult intubation

Using the FB as a rigid guidewire for the ET helps
to achieve difficult intubation in selected patients.'?
Ultrathin FB was successfully used to intubate 23 neonates
with craniofacial malformations such as Goldenhar,
Larsen and Pierre Robin syndromes and other disorders
that prevented adequate visualization of the larynx.'?

Acquired subglottic stenosis and tracheostomy
Acquired subglottic stenosis may occur in neonates and
infants who require prolonged intubation. Post-extubation
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stridor lasting more than 24 hours is an indication for
bronchoscopy.” Bronchoscopy may be performed with a
rigid bronchoscope, but a flexible bronchoscope is more
useful to study the dynamics and the anatomy of the
lower airway. Only with a rigid bronchoscope, however,
can granulation tissue be removed if needed.

BRONCHOALVEOLAR LAVAGE IN THE NEONATES

In contrast to older infants, non-bronchoscopic tech-
niques in intubated newborn infants are used to obtain
bronchoalveolar lavage (BAL) fluid."' Two aliquots of
1 ml/kg of physiological saline at room temperature are
instilled and re-aspirated. The availability of ‘slim’ bron-
choscopes incorporating a suction channel will, however,
probably expand the use of BAL in neonates. There are
no data regarding the yield of BAL in infectious diseases
of neonates, but BAL may disclose infectious agents such
as Chimmydia trachomatis, Mycobacterium tuberculosts,
Prewmocystis carinil, respiratory syncytial virus (RSVY)
and cytomegalovirus (CMV). Neonatal manifestations
of non-infectious interstitial pneumonia are uncommon. '

THERAPEUTIC BRONCHOSCOPY

Atelectasis

Rigid and flexible {with a suction channel} broncho-
scopes are useful to treat acute actelectasis, Atelectasis is
frequently observed post-extubation and/or post-thoracic
surgery. Only the few cases of atelectasis persisting for
several days despite chest physiotherapy require FB.
Removal of mucous plugs, or sometimes instillation and
re-aspiration of physiological saline into the atelectatic
Iobe, allows re-aeration and improvement of respiratory
status.2* In such acute atelectasis, FB reveals fewer
anatomical changes, but it is imuch more effective than
when used in persistent atelectasis.

Pulmonary interstitial emphysema {PIE)
Bronchoalveolar lavage has been proposed for medical
management of severe chronic PIE.? Distal bronchoalve-
olar lavages were performed with sinall volume of saline
and in six of nine infants so treated, the PIE resolved in
less than 24 hours. Resolution of the PIE was accom-
panied by clinical improvement, allowing extubation.
Distal lavage may have affected the PIE by removing
bronchiolar obstruction due to fbrinous exudate, or
alveolar debris. Use of this technique has not been
examined in a randomized controlled trial (p. 422}.

Necrotizing tracheobronchitis

Necrotizing tracheobronchitis is a rare complication
of mechanical (including high-frequency) ventilation
{p- 171). Sloughing of the respiratory epithelium occludes
the proximal airways. Diagnosis relies upon bronchoscopy,
which reveals extensive plugging of the distal trachea and
main stem bronchi. Endoscopic removal of obstructing
debris is essential to improve outcome.
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Stenosis

Endoscopic treatment of acquired tracheal or bronchial
stenosis and of obstructive granuloma may be necessary.
Endoscopic excision with biopsy forceps, bouginage or
balloon dilatation'® during rigid bronchoscopy is the
most often used but flexible bronchoscopy and argon
laser techniques have been evaluated.'
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Techniques are now available which now make it possible
to obtain a comprehensive picture of the lung function
of a neonate.®™ In the past, the results obtained were
highly influenced by the characteristics of the equipment
used and the methods of data collection and analysis, so
that it was difficult to compare the results from different
laboratories. This problem has to some extent been
resolved by the European Respiratory Society and the
American Thoracic Society’s task force on standards for
mfant respiratory function testing which has provided
guidelines for specifications.”®

Despite these problems, infant lung function tests
have provided very important information on the nor-
mal physiology of the neonatal lung, the process of adap-
tation in the perinatal period,!'? and how these processes
are adversely affected by neonatal pulmonary pathology.
They have also been useful in the evaluation of new ther-
apies, in the development of management strategies and
in the prediction of outcome.*? Their role as diagnostic
tools is not so clearly defined, although the introduction
of less invasive techniques is likely to lead to their
increased use in optimizing therapy for individual babies.
The aim of this chapter is to provide information on the
techniques available, their clinical role, research potential
and limitations.

VOLUME MEASUREMENTS

The volumes which can be measured are divided into
those generated by respiratory muscle activity, which are
defined as ‘dynamic’, and those resulting from the struc-
tural limits of the respiratory system and by the recoil
characteristics of the lung and chest wall which are
defined as ‘static’
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Dynamic volume measurements

The measurement of tidal volume alone is of limited
value in the spontaneously breathing baby, although an
indication of the breathing pattern is helpful in identify-
ing those with recurrent apnea. This requirement can be
met by semi-quantitative systems such as impedance
plethysmography,® in which the resistance to 2 small
electrical current between electrodes placed on either
side of the chest is measured; as the baby breathes in, the
resistance increases. Respiration can also be monitored
by attaching a movement sensor such as a pressure
capsule (Graseby Dynamics)' or pressure sensor to the
abdominal skin. The problems associated with and limi-
tations of these devices are discussed elsewhere (p. 164},

INDUCTANCE PLETHYSMOGRAPHY

A systemn has been developed commercially whereby tidal
exchange can be measured by changes in the area within
coils surrounding both the chest and the abdomen; it
makes use of the currents induced by changes in strength
of the magnetic field.?® The coils consist of copper wire
which surround the chest and the abdomen in a zig-zag
manner; the total width of each coil is approximately
2cm (Figure 13.1). They are mounted on cotton strips,
which can be held in place by self-retaining material such
as Velcro. During quiet sleep when the chest and the
abdomen are moving synchronously, the chest and the
abdominal signal can be sumimed to provide an index of
the depth as well as the rate of respiration. In adults it has
proved possible to achieve a reasonably accurate calibra-
tion of the system by simultanecusly measuring volume
change at the mouth with a device such as the spirometer
while, for several breaths, keeping the abdominal wall as
still as possible and then further measurements while
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Figure 13.1 {nductance plethysmograph for measuring
changes in abdeminal and chest wall circumference.

______ - Prieumotachograph

Mattress

Figure 13.2 Preumatachagraph system. The flow is
measired as the calibrated pressure drop across a small
resistance under conditions of laminar flow.

moving the chest wall as little as possible.'® This allows
the two coils to be calibrated independently and the
summed signal quantified. This is obviously impossible
in the neonatal period. Claims have been made, however,
that the chest and abdominal coils can be calibrated by
comparing the cutput from the two coils with volume
changes at the mouth. This is done over a range of
breathing patterns, during which the phase relationships
between the chest and the abdomen have changed, and
essentially uses the quadratic equation approach.®
Although this would appear to be an attractive option,
our own experience and that of others has indicated that,
over relatively short periods, particularly in the presence
of lung disease, poor accuracy is achieved.™®

PNEUMOTACHOGRAPH

A pneumotachograph, which can be attached to a face
mask {Figure 13.2) or endotracheal tube, ensures that the
flow across a relatively low resistance is laminar, ie.
smooth and not turbulent. These laminar flow condi-
tions can be achieved either by having a relatively wide
diameter at the point at which the resistance is inserted
so that the speed of the gas molecules is reduced or by
conducting the flow through a number of cylindrical
tubes. Under these circumstances, the pressure change
across the resistance is directly related to the flow. The
flow is derived by measuring the pressure drop across the
resistance using a differential pressure transducer and
calibrating the pressure drop against a rotameter. The
signal can then be converted to volume by feeding it
through an electronic device (an integrator), which
integrates flow against time.

Problems with pneumotachography

Althiough simple in concept, there are a number of prob-
lems associated with the use of pneumotachographs.®
First, the pressure drop across the device depends on the
viscosity of the individual gases. These differ considerably
so that the device should always be calibrated using the
mixture inspired by the subject. The differences in consti-
tution of the gas between inspiration and expiration also
have effects but, fortunately, the overall effect is small,
introducing an error of approximately 1 percent. A
second problem is that the small resistance within the
pneumotachograph, whether this be a metal gauze or sys-
tem of tubes, tends to be at a lower temiperature to that of
the expired air, so that water condenses out on expiration.
This will increase the resistance further, giving artifactu-
ally high flow and hence voluimne readings. This is usually
overcome by heating the pneumotachograph, but it must
be remembered that the viscosity of the gas increases
with temperature and therefore the calibration should
only be carried out once the pneumotachograph has
been left on sufficiently to warm up to the operational
temperature. A further problem results from drift in the
volume trace. This may arise from the differential pres-
suire transducer, but even more so from the integrator
itself so that it may be difficuit to achieve a stable volume
signal for more than 1-2 minutes. One approach has
been to ensure that the integrator re-zeroes at the begin-
ning and end of each inspiration. Further problemns can
arise if the pnewmotachograph is inserted into a ventila-
tor circuit or patient manifold. If the tubes leading from
the pneumotachograph to the differential pressure trans-
ducer are not identical or if, indeed, the two sides of the
pressure transducer have different volumes, time con-
stant inequalities will be introduced so that the ventilator
pressures will be conducted to the two sides of the differ-
ential pressure transducer diaphragm at different rates.
Finally, even under conditions of perfect laminar flow,
no pneumotachograph has a totally linear relationship
between flow and pressure drop across the internal
resistance so that a microprocessor will be needed if
highly accurate flow and volume recordings are to be
achieved.” This is rarely needed in clinical practice. It is
cbviously also important to ensure that the flow limit at
which laminar conditions break down and turbulence
takes over as specified by the manufacturers, are not
exceeded during measurements.

THERMISTORS

Thermistors work on the principle that the electrical
resistance of a heated wire varies with temperature.*® As
the cooling effect of a flow of air over the thermistor is
directly related to the rate of flow, the device can be cali-
brated against a rotameter in the same way as a pneumo-
tachograph. The cooling effect of a gas is related to its
specific heat and so, as with the pneumotachograph, it is
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necessary to use an appropriate gas for calibration
purposes.

Unlike the pneumotachograph, a single thermistor is
unable to determine flow direction. This can be over-
comie by mounting two thermistors in the flow stream,
one of which is shaded from either the inspiratory or
explratory flow by a baffle. The cutput from the thermis-
tor can be fed to an integrator to derive a volume trace.

REVERSE PLETHYSMOGRAPH

The reverse plethysmaograph consists of a rigid container
which is at least 1000 times greater than the tidal volume
to be measured.’”> This will ensure that the pressure
changes within the circuit remain less than 1ecmH,;0.
The container is attached to a face mask by two tuhes
with a circulating pump to limit rebreathing (Figure 13.3).
Once the face mask has been placed over the nfant’s
mouth and nose, the tidal exchange produces small pres-
sure changes within the chamber which can be ineasured
by a suitable pressure transducer. The system can then be
calibrated against a syringe to provide an accurate meas-
urement of tidal exchange. Reverse plethysmography has
the major advantage that the volumne trace is consider-
ably more stable than an integrator-based technique,
providing the environmental conditions remains reason-
ably constant, as changes in temperature will lead to
expansion or contraction of the pressure of the gas
within the system, Dramatic baseline shifts will, there-
fore, occur if the reservoir is exposed to direct sunlight.
As the reverse plethysmograph is a pressure system,
erfors can be miroduced due to the adiabatic effect.
Compression of a gas generates heat so that under per-
fect thermal insulation conditions the pressure change in
an air-containing system will be 30 percent higher than
that predicted from Boyie's law (P, V, = P;V,). This
effect depends on the specific heat of different gases so
that the pressure change will be 40 percent higher if the
gas is helium, rather than air and 20 percent if the system
is filled with carbon dioxide (CO,). Pressure changes
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Figure 13.3 Reverse
plethysmograph system with
fan-assisted circulation to reduce
the effects of hypercapnia and
hypoxia.

within a chamber will, however, follow Boyle’s law if heat
conduction is perfect so that the temperature of the gases
remains constant, that is, the conditions are isothermal.
In practice, systemns such as reverse plethysimographs
function somewhere between the adiabatic and the
isothermal conditions. To limit error, calibration should
be carried out by injecting and withdrawing volumes at
the infant's own respiratory rate. While the reverse plethys-
mograph has the major advantage of long-term stability,
it can only be used in spontaneously breathing infants.

SPIROMETER

Water-filled and dry spirometers are now available for use
in the neonatal period. These should be lightweight and
have internal volumes of less than 500 ml in order to have
appropriate sensitivity. A CO,-absorbing circuit and facil-
ity for bleeding in oxygen is necessary if measureinents
are to be continued for more than 1-2 minutes.

TRUNK PLETHYSMOGRAPH

This device was used extensively by Cross'® and consists
of a chamber which encompasses the infant’s body. The
initial device had an inflatable rubber ring to produce an
air seal around the infant’s face. This technique has the
advantage that there is no added respiratory dead space
and no facial stimulation from the face mask.''> An alter-
native approach is to immerse the infant totally within an
airtight container, but to use a face mask which is con-
nected both to a bias flow and to atmosphere through the
side of the chamber. Under both these circumstances
the changes in lung volume produced by the baby pro-
duce alterations in pressure within the plethysmograph
which can be calibrated against a syringe. This system has
very good long-term stability, but is prone to adjabatic
errors so that calibration should be carried out at the
infant’s respiratory rate. This problem can also be
avoided by measuring the thoracic volume change by a
spirometer connected to the plethysmography.''?
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JACKET PLETHYSMOGRAPH

An alternative approach has been to encompass the
infant’s chest and abdomen in a soft rubber jacket which
is inflated to a pressure of 2—4 amH,O. Pressure changes
within the jacket resulting from tidal breathing are then
measured (Figure 13.4).7 These changes are in the
region of 1-2 mmH,0 and so have no measurable effect
on the breathing pattern. Calibration is achieved by
injecting and withdrawing known volumes of air from
the jacket and measuring the change in end tidal base-
line. This system has the advantage that it has very good
long-term stability. It can be used on babies breathing
spontaneously or requiring respiratory support, but can
lead to over-heating if used for prolonged periods.

BAROMETRIC PLETHYSMOGRAPH

A further and ingenious method for measuring tidal
exchange has been to nurse infants in an airtight con-
tainer which is kept at a constant temperature some
degrees below that of the infant.”® As tbe infant breathes
out, the expired air, which is saturated with water vapor
at 37°C, will cool and shrink, leading tc a fall in chamber
pressure, The reverse happens on inspiration. This pro-
vides a very non-invasive method for monitoring tidal
exchange over prolonged periods.

Clinical and research applications

MEASUREMENTS ON SPONTANEOUSLY
BREATHING BABIES

Measurements of tidal breathing are of limited value in
the neonatal period. Semi-quantitative devices such as
the impedance, inductance and abdominal pressure sen-
sors are adequate for the identification of central and
mixed apnea, but respiratory rate and tidal volumes are
0 variable in the neonatal period that these measure-
ments are otherwise of little diagnostic value.!? Attempts
have been made to use the degree of variability of breath-
ing pattern to identify sleep state using a breath-by-breath

variability of greater than 10 percent as an indication of
rapid eye movement (REM) sleep. The correlation, how-
ever, between this relatively simplistic form of sleep stag-
ing and that achieved by full electromyograph (EMG)
and electro-oculograph (EOG) monitoring is poor.* An
alternative approach has been to use the phase relation-
ship between the chest and abdominal movement as a
sleep staging device. Again, although there is a tendency
for ‘out-of-phase’ breathing to be associated with REM
sleep, the correlation with other methods of sleep staging
is poor.'?

There has recently been considerable interest in the
flow pattern during tidal breathing, in particular the rela-
tionship between the time to reach peak expiratory flow
and total expiratory flow time {tprgef/te).%® It has been
claimed that, when this measurement is carried out in
early infancy, it can identify at least some of the infants
who are likely to develop respiratory symptoms later."'® It
was also found to be significantly reduced in a group of
infants born to mothers who smoked during pregnancy.'®
More recent work has suggested that this technique is
poorly reproducible in the immediate neonatal period but
further work is needed.®*™ The technique also has a rela-
tively poor sensitivity and specificity as an indicator of
abnormal lung function. Its main role is in Jarge epi-
demiclogical studies, rather than assessing lung function in
the individual infant. This measurement can be obtained
using pneumotachographs or thermistors, which measure
flow directly, but can also be derived from techniques
which primarily measure volume, such as reverse
plethysmographs, spirometers, trunk plethysmographs
and uncalibrated inductance plethysmographs, by
using a differentiator to derive flow from volume.'®?
Measurements obtained from trunk plethysmograph
and inductance techniques are likely to differ from those
using face masks due to the phase shift between tidal flow
at the mouth and movement of the chest wall.*’

Currently it is unclear why a low tprgp/t; value shouid
be associated with abuormal lung mechanics. Dezateux
and colleagues®' found a weak correlation between fpe/t;
and functional residual capacity but no significant rela-
tionship between fprpp/ty and specific conductance, a
value derived by relating the reciprocal of resistance to
lung volume. Surprisingly, the tpypp/te appears to be
more closely related to results of measurements of com-
pliance rather than to those of airway resistance.”

MEASUREMENT OF RESPIRATORY DRIYE AND
RESPIRATORY RESERVE

Measurement of spontaneous breathing patterns have,
however, been very useful in determining the sensitivity
of the peripheral and central chemoreceptors. The peri-
pheral chemoreceptors can be assessed by measuring the
increase in tidal exchange following a short, sometimes
single breath, exposure to increased ambient CO,.*' More
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prolonged exposure to an increased CQ, environment
will provide an assessment of the sensitivity of both the
central and peripheral chemoreceptors. This response
will be damped in the presence of lung damage, but can
then be used to provide a measure of respiratory reserve,
The sensitivity of peripheral chemoreceptors has also
been assessed by examining the response to either a
single breath of 100 percent oxygen, which normally
produces a transient depression of respiration, or to
breath-by-breath alterations in the inspired oxygen con-
centration.’® A more prolonged exposure to hypoxia
produces an initial stimulation followed by a depression
of respiration in the immediate neonatal period.”? Unfor-
tunately, these methods of assessing chemoreceptor
sensitivity are poorly reproducible, making it difficult to
identify those with partial sensitivity deficiency.

An alternative approach has been to measure basal
breathing using a face mask with a bias flow, thereby elim-
inating any dead space.!"' A known dead space, in the
form of a tube with an internal diameter of 4 mm and
an internal volume of two anatomical dead spaces
{4.4mlfkg), is then introduced (Figure 13.5). Healihy
term infants produce an increase in minute volume of
approximately 150 percent and which is within 10 percent
of the increase predicted from the size of the added dead
space, after allowing for changes in respiratory rate.'"
Information on the rate of response of the chemoreceptor
control system can be obtained by making continuous
breath-by-breath measurements from the time of the
application of the dead space to the formation of new
steady state. Each breath is then expressed as a minute vol-
ume rate by multiplying the tidal volume by 60 and divid-
ing by the total breath time in seconds. These values are
then plotted against the times of each breath. The most
useful measurement is the time constant, which is the
time in seconds for 63 percent of the increase in minute
ventilation produced by the added dead space to occur."!

MEASUREMENTS DURING VENTILATION

Devices such as pneumotachographs have allowed
assessment of the effects of different ventilation strate-
gies on tidal exchange in the neonatal intensive care unit.
When used in this way, it is important to ensure that the
pneumotachograph is not adversely affecting ventilation
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Figure 13.5 Tube breathing
technique. (a) Basal breathing is

space system. (B) Dead space of
2.2 or 4.4 mifkg body weight is

. then added using a 4 mm bore
tube as a ‘snorkel tube’.

f first recorded using a zero dead

by increasing the dead space to any clinically significant
extent. This can be avoided by using pneumotachographs
with very small dead spaces. Alternatively, a bias flow can
be driven or sucked across the device through a high
resistance to ensure that errors are not introduced due to
variation in the bias flow with the ventilator pressure
cycles.’! These measurements have provided important
information on the effects of rate and inspiratory time
on tidal exchange and also the effects of different levels of
positive end expiratory pressure {(PEEP) on tidal volume.,
It is important that devices such as the impedance tech-
nique should be used in a direct current {DC} mode for
this purpose as under alternating current (AC) condi-
tions, the signal will inevitably drift back to a preset zero
on disconnection from the ventilator, so that changes in
end tidal volume will be lost,

Volume measurements have also been used to identify
situations in which alveolar PEEP is occurring and
mcreasingly, commercially available neonatal ventilators
have facilities for monitoring both tidal volume and tidal
flow (p. 229). 1t is claimed (p. 231) that these measure-
ments can help identify situations in which endotracheal
obstruction is occurring and when there has been a sud-
den change in lung compliance, for example, the occur-
rence of a pneumothorax or pulmonary interstitial
emphysema (p. 230).

Measurement of tidal exchange and
airway opening pressure

Simultaneous measurements of airway pressure and tidal
volume can provide very useful information on the
mechanical characteristics of the respiratory system.

MEASUREMENTS ON SPONTANEOUSLY
BREATHING BABIES — SINGLE BREATH LUNG
MECHANICS

Single breath lung mechanics can be used fo obtain
information on both the compliance of the respiratory
system, that is the volume change produced by one unit
of pressure, and resistance, which is the pressure gener-
ated by one unit of flow. Stopping the egress of air from a
face mask and pneumotachograph system at the top of a
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Figure 13.6 Trace of tidal volume and face mask pressure
before and after a period of occlusion.

breath for 0.2-0.4 seconds will induce a brief apnea via
the Hering-Breuer reflex.® Under these circumstances,
the elastic recoil of the respiratory system can be meas-
ured by the pressure within the face mask using a suitable
pressure transducer (Figure 13.6). Relief of the obstruc-
tion will then result in the expired gases passing out
through the pneumotachograph passively, that is, in the
absence of respiratory muscle activity. Under these con-
ditions, both flow and volume will fail exponentially
once the flow has reached a peak, providing the mechan-
ical characteristics of the lungs remain unchanged. Under
these circumstances the time constant, that is the time
for 63 percent of the tidal volume to leave the lung, can
be measured either from the volume trace or from the
slope of the plot of expiratory volume against expiratory
flow {Figure 13.7).%" This latter approach is preferable as
deviation from a straight line towards the end of tidal
expiration indicates that expiration is no longer passive.
In addition, extrapolation of the flow volume slope to
zero flow will provide a measure of the true functional
vesidual capacity (FRC). This is important as newborn
babies tend to start inspiration before full passive expira-
tion has occurred,> leading to dynamic elevation of the
FRC. This corrected volume can then be used in the cal-
culation of total respiratory system compliance, ie.
AV/AP. As the time constant is equal to the compliance
multiplied by the resistance, it is also possible to obtain a
measure of the overall respiratory system resistance.
These resistance measurements are up to 100 percent
higher than values obtained using total body plethys-
mography.”” Compliance measurements obtained using
the single breath technique are not always satisfactory.
It is sometimes difficult to induce the Hering-Breuer
response and achieve a satisfactory plateau and the rela-
tionship between the respiratory flow and volume is
sometimes totally non-linear.”**

VYolume measurements 117

5 H
E
£ 3
Y
3
=
=
s 2
H
&

;

0

10 20
Expiratory volume {ml)

Figure 13.7 Flow-volume trace after release of occlusion.
The time constant is measured from the straight part of the
siope of the flaw=volume curve.

Alternative methods for measuring total respiratory
system compliance are by repeated brief occlusion dur-
ing expiration and measuring the compliance from the
volume above FRC and the mouth pressure during
periods of occlusion,™ Alternatively, the egress from the
pneumotachograph can be connected to different levels
of continuous positive airway pressure (CPAP), e.g. 5, 10
and 15 cmB;O, and then plot the expiratory volumes on
releasing this pressure against the levels of CPAP. A fur-
ther method now is the weighted spirometer technique.!™
Baseline tidal breathing is measured using a water-filled
spirometer (Figure 13.8). A suitable weight, sufficient to
increase the pressure within the spirometer circuit by
2-3emH,0, is placed on top of the spirometer base. Total
respiratory system comphiance is then calculated by
dividing the resultant increase in FRC as measured by the
changes in end tidal baseline by the change pressure
within the circuit.

CLINICAL AND RESEARCH APPLICATIONS

Single breath lung mechanics have become extremely
popular due to the relatively non-invasive nature of the
investigation and the availability of computer systems
which can perform the analyses. They have been used to
assess the response to bronchodilator drugs, particularly
in those with chronic lung disease {p. 412} and increas-
ingly to measure lung mechanics in babies developing
respiratory distress syndrome (RDS) in an attempt to
identify those who are likely to require surfactant supple-
mentation. Considerable care is needed, however, in
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performing these measurements and in the identification
of acceptable traces.

Measurements during ventilation

The information gained by measuring tidal exchange
during respiratory support using a pneumotachograph
or thermistor device can be considerably increased by
stimultaneously measuring the airway pressure, It is then
easy to obtain a measure of the respiratory system com-
pliance by dividing the tidal exchange by the ventilator
inflation pressure. Studies have shown that even low
levels of PEEF, for example 2-3 cmH,(Q, can significantly
reduce the compliance of the lung.** A more accurate
measure of the lung compliance can be obtained if the
expired gases are vented to ambient pressure at the end of
an inflation.>"" Under these circumstances, it is also
possible using the technique as described above to meas-
ure the time constant of the lung and thus the resistance
of the respiratory system with the endotracheal tube
in siti, The resistance of the respiratory system including
endotracheal tube and worle of breathing can be obtained
by using the airway opening pressure swings and tidal
volumes to produce pressure—flow and pressure—volume
locps (p. 232).

An alternative approach has been to use a ventilator
which produces constant flow during inflation.'®® Under
these circumstances the respiratory system compliance
can be obtained by dividing the slope of the inspiratory
volume trace by the slope of the airway opening pressure
{Figure 13.9). In addition, the resistance can be calcu-
lated by extrapolating the pressure volume slope back to
zero volume. The resistance can then be calculated by
dividing the residual pressure by the flow rate during
inspiration. These different techniques produce similar
results for compliance, but not for resistance.®®

Measurements of compliance (lung stiffness) are
being increasingly used to document progress during
ventitatory support and response to therapies such as
surfactant administration (p. 249). The measurements
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Figure 13.9 Trace of pressure volume—loop during inflation
at @ constant flow rate. The compliance is calculated from
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have also taught us a great deal about optimizing
mechanical ventilation (p. 157).

Simultaneous measurements of tidal

exchange and intrathoracic pressure

Considerable information can be obtained on the mecha-
nical characteristics of the lungs by simultaneously
measuring tidal exchange and the pressures generated
intrathoracically by the infant. These measurements are
achieved by using one of a number of techniques to
record pressure changes in the lower third of the esopha-
gus. One method is to pass a thin-walled balloon mounted
on a 6 FG (French gauge) catheter through the nose
or mouth until it reaches the stomach and then slowly
withdraw it until negative pressures are recorded during
inspiration.’? Placing the balloon too high will inevitably



result in an under-recording of the true pressure change.
For optimal function, the esophageal balloon will need to
be nearly empty of air, as otherwise the elastic properties of
the balloon will adversely affect the recordings.'? Alterna-
tively, a water-filled catheter of at least a 6 FG diameter,'? or
a micropressure transducer mounted on a catheter of
similar dimensions can be used. Again it is important to
ensure that the functioning part, that is the micropressure
transducer or the open end of the water-filled catheter, lie
in the lower third of the esophagus by first entering the
stomach and then withdrawing slowly. Tt is essential to
ensure that no air bubbles develop in the water-filled
catheter system, This is best achieved by perfusing the sys-
tem with water at a rate of 1-2 ml/h. There are also micro-
pressure transducers mounted on 5 or ¢ FG catheters
which can be passed either via the mouth or the nose so
that the device lies in the lower third of the esophagus.'”

Information on lung mechanics can then be obtained
by simultaneously using one of these devices and
measuring the volume change at the mouth by a
pireumotachograph or thermistor integrator system,
spirometer or reverse plethysmograph. A measure of
lung stiffness, the dynamic compliance can be calculated
by dividing the tidal volume by the esophageal pressure
difference between the beginning and end of inspiration
(Figure 13.10a).> In health this will approximate closely
to measurements of static compliance providing the res-
piratory rate is below 60 breaths/min, Under conditions
where the baby is breathing faster or there is airways
obstruction present, the dynamic compliance will give a
lower value than the static compliance.

The total pulmonary resistance can also be calculated
using these techniques.*® For this, the midpoints of inspi-
ration and expiration are selected (Figure 13.10b}. It 35
assumed that at these points the lungs are at the same
degree of distention so that none of the pressure difference
(Figure 13.10b) is due to elastic recoil but represents the
pressure needed to drive the air up and down the airways
against airflow resistance. This is therefore measured by
dividing the pressure gradients between the mid-volume
points by the simultaneous difference in flow.

Finally, the work of breathing can be measured by
constructing pressure-volume loops. The area within the
loop then represents the work necessary to overcome the
resistive forces and the quadrangular area to the left of
the pressure—volume loop, that necessary to overcome
the elastic recoil of the lung (Figure 13.11).2% In practice
this measurement is of limited value. If, for example, the
baby opts to breathe at half the rate but twice the tidal
vohune, his work of breathing per breath will be effec-
tively quadrupled and the work of breathing per minute
therefore doubled, although there has been no change in
the mechanical characteristics of the lungs. All these
techniques are dependent on accurate measurements of
esophageal pressure and an assumiption that this pressure
closely follows the mean intrapleural pressure changes.
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Figure 13.10 {a} Volume and esophageal pressure trace
during spentaneous breathing. The dynamic comphiance is
calculated by dividing the tidal volume (AV} by the pressure
gradient between the beginning and end of inspiration (AP).
{b) Flow, volume and pressure trace during tidot breathing.
The total puimonary resisionce is calcuiated by dividing the
pressure gradient between mid-inspiration and mid-
expiratian (AP} by the simultoneous flow difference (AV).

CLINICAL AND RESEARCH APPLICATIONS

These techniques have been used extensively to assess the
effects of pulmonary adaptation at birth and neonatal
pulmonary pathology on lung function.'® Unfortunately,
they are less reliable when the lung disease is severe,
particularly when accompanied by chest wall recession.>®
Under these circumstances, esophageal pressure meas-
urements may underestimate the true mean pressure
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changes by as much as 50 percent. Attempts have been
made to validate the measurements by comparing
esophageal and mouth pressure swings during respira-
tory efforts against an obstructed external airway’> and
only accepting results when these are within 10 percent
of each other.

Although this will identify some infants in whom the
esophageal pressure device is reading inappropriately,
a satisfactory correlation does not guarantee that the

volume {ml}

Pressure (cm Hzo}

Figure 13.11 Pressure—vofume curve during spontaneous
breathing. The area within the loap {ABCDA) represenis the
resistive work of breathing, the area to the left of the
compliance line (AEC), the elastic wark of breathing.

Differential
pressure
transducer

P Pneumotachegraph

™ 3-way tap

system is functioning well as respiratory efforts against
an obstruction are likely to eliminate variations in pres-
sure throughout the thoracic cavity.

Forced partial expiratory flow—volume
loops {FPEFVL)

This technique has gained considerable popularity since it
was introduced in 1982."% The infant’s chest and abdomen
(and often arms} are enclosed in an inflatable jacket of
relatively low volume whose outer wall is relatively rigid
{Figure 13.12). The jacket is connected to a pressure reser-
voir by a three-way tap and can be rapidly inflated with
pressures of between 20 and 80 cnH,O, inducing a rapid
passive expiration. The expired flow and volume are meas-
ured using a face mask and pneumotachograph system.
The technique involves measuring quiet tidal breathing
while displaying tidal flow and tidal volume, At the top of
a breath the jacket is inflated by the air within the pres-
sure reservoir and the resultant expiratory flow—volume
trace used for analysis. Although the peak expiratory
flow can be measured, this is poorly reproducible. The
measurement used most frequently has been the maxi-
mum flow at FRC { V... FRC) determining the FRC from
the previous breaths (Figure 13.13). The measurements
are relatively reproducible in individual infants, although
the scatter of results from healthy infants is very wide.
One of the problems is that in the neonatal period, there
is dynamic elevation of the FRC, that is, the infant comn-
mences to breathe in before the lung volume has fallen to
the true FRC. If the single breath technique is used to
correct for this (p. 116), more reproducible results can be
obtained and the scatter of results from healthy control
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Figure 13.12 Diagram of system
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farced partial expiratory
flow—volume ioop.
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infants is also reduced.” It has been assumed that flow
limitation has been achieved, that is, raising the jacket
pressure further will not significantly increase V., FRC.
There remains, however, controversy as to the optimal
jacket pressure, some investigators considering that a
range of pressures should be used for each measure-
ment.®! More recent studies have found that pressures of
60 cmH,0 are adequate at any rate in healthy infants,®
There is also increasing evidence that inflating the jacket
induces the Hering—Breuer deflationary reflex, that is, it
stimulates the infant to make an inspiratory effort,*®!
There remains some dispute whether the infant’s inspira-
tory efforts do significantly alier the flow at FRC or only
affect the flow trace beyond the FRC point. Recently, rec-
ommendations have been published by the ERS/ATS task
force on infant respiratory function on the apparatus to
be used and the most appropriate methods and analysis
for this technique.'?!

THE RAISED YOLUME RAPID
THORACOABDOMINAL COMPRESSION
TECHNIQUE

A modification of the FEPFYL is now gaining popularity.
In this modification, the infant’s lung volume is raised
close to total lung capacity (TLC) by pressurizing the face
mask to 20-25 cmH,0 immediately before inflating the
jacket.>'®¥ This technique allows the construction of
time-volume and flow—volume curves, comparable with
those produced in older children. The FEV 5 (forced
expiratory volume in half a second) is used rather than
the FEV | o or FEV); ;5 as the next inspiration usually com-
mences within 0.75 seconds.

An alternative approach only applicable to paralyzed
and ventilated infants is to measure the expiratory
flow—volume curve produced by connecting the airway
opening to a negative pressure source.”® The expiratory

flow Figure 13.13 Flow-volume curve
during measurement of the forced
partial expiratory flow—velume
foop. The inner loop is generated
during quiet breathing, the outer
foop by the external squeeze.

flow is recorded using a preumotachograph. This tech-
nique has the advantage that the flow—volume curve can-
not be distorted by the infant’s inspiratory efforts, and so
it results in higher V.« FRC values than the FEPFVL
technique.

STATIC LUNG VOLUME MEASUREMENTS

None of the techniques described so far provides any
indication of the size of the lung or whether the lung is
hyperinflated. This is of considerable importance as
lung velume and airway resistance measuremients are
mversely correlated. In addition, it is obviously impor-
tant to be able to identify those babies whe have small
lungs, whether this be due to pulmonary hypoplasia or
abnormalities of the chest wall such as asphyxiating
thoracic dystrophy (p. 506). The techniques available for
carrying ouf these measurements are dependent either
on gas dilution or on plethysmography.

Gas dilution techniques

MEASUREMENTS IN SPONTANEQUSLY
BREATHING BABIES

The standard technique has been to use a face mask/tap
device to connect the infant to a circuit consisting of a
spirometer, fan and CO, absorber (Figure 13.14).'* The
total circuit, including the spirometer, should have a vol-
wine which does not exceed the anticipated lung volume
by more than 200300 percent. Before commencing the
measurement, a marker gas is added to the circuit. This
gas has to be highly insoluble in water and readily dif-
fusible; for these reasons, helium is often used. The con-
centration of the marker gas is measured using either a
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catherometer or mass spectrometer. The infant is then
connected to the circuit by the turn of the tap, aiming to
achieve this at end expiration. As, however, the infant’s
tidal volume will be measured by an electronic output
from the spirometer, correction can subsequently be
made if the infant is connected at a point above FRC.
Oxygen then has to be added to the circuit to compensate
for oxygen consumption, usually at a rate of 6ml/kg body
weight, ™ Measurements are continued until the con-
centration of the tracer gas has stabilized, i.e. has been
diluted into the volume consisting of the face mask and
infant’s respiratory tract. By knowing the initial volume
and the fall in concentration of the tracer gas it is then
possible to calculate the infant’s FRC. This technique has
proved easy to apply with a coefficient of variation of less
than 4 percent.'® An alternative approach has been to
replace the circuit with a ‘bag in a bottle device’ {Figure
13.15).2" The bag is then partially filled with a known
volume of gas consisting of 25-30 percent oxygen and
5-10 percent of the fracer gas which is usually either
helium or argon, The infant is connected to the system,
again by turming a tap. If a pneumotachograph is
mounted into the wall of the bottle, it is again possible to
make corrections for commencing the test above FRC.
Equilibration usually takes place within 30-40 seconds
but small errors will be introduced as CO» will accumu-
late and oxygen taken up during the period of measure-
ment. These errors are partly due to the fact that the
respiratory quotient is likely to be o, 1 but, in addition,
the CO, concentration in the bag rises more slowly than
the corresponding fall in oxygen due to the buffering
effect of the body for CO,. The tracer gas is usually
monitored, again using either a mass spectrometer or a
catherometer.

EFFECTIVE PULMONARY BLOOD FLOW

One of the main advantages of the bag in the bottle tech-
nique is that it provides a means whereby effective pul-
monary blood flow can be measured simultanecusly. To
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Figure 13.15 Diagram of the bag in the bottie sysiem.

do this, a second tracer gas, either freon or acetylene, is
added to the system. These gases are highiy soluble in
water and so, unlike helium or argon, their concentra-
tions will continue to fall due to conduction away from
the lungs by the blood flow through the pulmonary cap-
illaries. One approach is to measure the rate of disap-
pearance of the argon or acetylene once equilibration has
been achieved for the other marker gas (argon or helium).
This may, however, ntroduce errors due to the recircula-
tion of blood. An alternative is to express the end expira-
tory concentration of the soluble gas as a percentage of
the insoluble marker gas on a breath-by-breath basis.”
This will produce a straight line relationship when plot-
ted semi-logarithmically. Computer programs are now
available which allow rapid calculation of the results so
that this is now a relatively simple technique to apply.

NITROGEN WASHOUT TECHNIQUE

Lung volume can also be measured by changing the
inspired gas over to 100 percent at end expiration and
sampling the expired gases using either a nitrogen meter
or mass spectrometer. The procedure continues until
the nitrogen concentration falls to 2 percent.*1% If the
expired gases are collected in either a bag or spirometer,
the amount of nitrogen washed from the lungs can be
determined by measuring this volume and its nitrogen
concentration. By knowing the pre-test and final nitrogen
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concentration of the baby’s lungs, it is then possible to
calculate the FRC. This technique will become progres-
sively less accurate at higher inspired oxygen concentra-
tions, and is not practicable when the fraction of inspired
oxygen (FiO;) exceeds 0.6.

Measurement during ventilation

GAS DILUTION TECHNIQUES

It is obviously not possible to obtain measurements of
lung volume of infants on ventilators using the spiro-
meter circuit technique. It has, however, proved relatively
easy to use the bag in the bottle method.>?>* The tech-
nique is identical to that used for spontaneously breath-
ing babies except that facilities must be made to ensure
that, as the infant is connected to the bag in the bottle
system, mechanical ventilation is continued to the bottle,
rather than to the infant. Thus, for 30-40 seconds the
infant will be ventilated using the gases contained within
the bag. Under these circumstances it will be necessary to
ensure that the oxygen concentration within the bag is at
least as high as that provided by the ventilator so that the
infant will not become desaturated. One potential prob-
lem is any leak around the endotracheal tube. This may
be prevented by applying gentle pressure with two fingers
over the trachea, but if is still necessary fo examine the
gas concentration traces carefully subsequently for evi-
dence of leak, for example, failure to reach equilibration
within 20-30 seconds. It has also proved possible to add
either freon or acetylene to the bag in the bottie device so
that effective pulmonary blood flow can be measured
simultaneously using the techniques described above.>!?

NITROGEN WASHOUT

Techniques have also been devised whereby the nitrogen
washout technique can be applied to infants receiving
ventilatory support.'™ The technique is essentially the
same as that described above whereby the inspired gas is
changed over to 100 percent and the expired gases
collected unti}! the end tidal nitrogen level is less than
2 percent. Alternatively the nitrogen in the expiratory
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Figure 13.16 Diggram of total
body plethysmograph for
measuring thoracic gas volume
and airways resistance.

limb can be integrated against flow in order to determine
the amount of nitrogen washed out.

PLETHYSMOGRAPHIC METHOD**%5

For these measurements the baby must be nursed within
an airtight, preferably transparent container (Figure 13.16).
Facilities must be available for holding a face mask
incorporating a shutter system and a pnewmotachograph
firmly, but gently, over the infant’s mouth and nose in
order to achieve an airtight seal.¥ The pressure within
the face mask proximal to the shutter and the pressure
within the chamber of the plethysmograph are monitored
continuously using pressure transducers of appropriate
sensitivity. Measurements are obtained Ly closing the
shutter for three to four breaths. Usually the infant will
continue to make regular respivatory efforts without
waking up. The change in volume of the respiratory sys-
tem due to compression and decompression of the aive-
olar gas is calculated from the changes in pressuie within
the plethysmograph chamber, which can be calibrated to
read volume by measuring the pressure changes within
the chamber during periods in which air is injected into
and withdrawn from the chamber with a syringe. These
injections should be carried out at approximately the
saine rate as the infant’s respiratory effort to avoid errors
due to the adiabatic effect (see above). During the period
of occlusion, the pressure within the respiratory system
can be measured from pressure changes in the face mask
as there is essentially no flow of air in the airways. From
these two measureinents the total volume of the respira-
tory system plus the volume within the face mask and
tube leading to the face mask pressure transducer can be
calculated according to Boyle’s law using the formula
V = P, X AV/APy, where V is the volume to be meas-
ured, P, is atmospheric pressure minus water vapor
pressure (47 mmHg}, AV is the change in volume of the
thorax during breathing movements against the obstruc-
tion and APy is the simultaneous change in pressure
within the face mask. Measurements made at end expira-
tion often overestimate the true lung volume.'* This
error appears to arise as a result of small airway closure in
babies with airways obstruction so that the pressure
swings within the face mask underestimate the true
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intrathoracic pressure changes. This error can be limited
by closing the shutter instead at full inspiration and then
subtracting both the tidal volume and the dead space of
the face mask and tubing to obtain a more accurate FRC.
It is now possible to use computer software to carry out
the analysis. This has the advantage that any drift in the
pressure signals can be compensated for.!°

CLINICAL AND RESEARCH APPLICATIONS

The techniques can be useful to identify those infants
with a raised respiratory rate who have a degree of pul-
monary hypoplasia® and for documenting progress in
those who have had congenital abnormalities such as
diaphragmatic hernia or cystic adenomatoid nalforma-
tions. The research applications of these measurements
have been very considerable. Plethysmographic measure-
ments have been made to investigate the adaptation of
the lung in the imimediate neonatal period, showing that
babies born vaginally tend to establish a stable FRC
within 2-3 hours while those who have been born by
cesarean section take up to 48 hours."® This delay in
reaching a normal degree of aeration is due to delay in
fluid clearance from the lung.

Measurements made by gas dilution techniques tend
o be significantly lower than those determined by
plethysmography.*!!” The reasons for this are probably
due to poor ventilation distribution, exacerbated in the
immediate neonatal period by fluid within the airways.'?
In healthy infants, the ratio between the FRC by gas dilu-
tion and FRC by plethysmography is approximately 0.93
after the first day after birth.'"” Measurements obtained
during respiratory support for RDS have shown that
there is a very striking reduction in lung volume, often as
low as 5-7 ml/kg body weight.>*" These techniques have
allowed us to explore the mechanism of action of treat-
ments such as surfactant therapy and demonstrated that
the improvements in blood gases following surfactant
are accompanied by the FRC often increasing by up to
100 percent.” Studies have also shown that there is an
improvement in effective pulmonary blood flow, indicat-
ing a reduction in the right-to-left shunt through poorly
or unventilated areas.”! Lung volume measurements
have also provided useful information on the effects of
surgical intervention on infants with diaphragmatic
hernias and congenital lung cysts.™

MEASUREMENT OF AIRWAYS RESISTANCE

Total body plethysinography allows us to obtain a meas-
urement of the airways resistance as distinct from total
pulmonary or total respiratory resistance.'*® Although
when breathing in the total body plethysmograph, the
infant’s tidal volume is taken from and returns to the air
within the chamber, pressure changes do occur during
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the respiratory cycle. These swings are due to changes in
aiveolar pressure, which fall below atmospheric on inspi-
ration, rising to above atimospheric during expiration. It
is possible to measure these pressure swings by knowing
the lung volume and calibrating the chamber pressure
swings against a syringe as described above, Resistance is
calculated by dividing these pressure changes by the
simultaneous flow changes as measured by the pneumo-
tachograph. The formula used for the calculation is
Raw = APGAV] X AVJAV, where APy and AV, are
changes in mouth pressure and thoracic volume during
periods of occlusion and AV, and AV are derived from
the changes in chamber pressure and simultaneous flow
during spontaneous breathing. It is necessary to correct
these values for the dead space of the equipment and also
to subtract the resistance of the face mask and pneumo-
tachograph. Comnputer software is now used to calculate
the resistance from the thoracic gas volume (TGV) and
the plethysmograph pressure and tidal flow loops. High
digital sampling rates permit the construction of ‘best-
At’ regression lines. A recent study has shown that opti-
mal results are obtained if this technique is used over the
first 50 percent of the rise portion of the inspiratary flow,
although any part of the inspiratory or expiratory flow
trace can be selected.!®

Clinical and research applications
Piethysmographic measurements of airways resistance
can be used to assess the response to therapy in individual
babies although, particularly in the neonatal period, this
information can more easily be obtained using esophageal
balloons or by single breath lung mechanics. Airways
resistance measurements have been used extensively in
evaluating the effects of therapy. It is also possible to comn-
pensate for the changes in resistance values produced by
alteration in the resting FRC. This is achieved by calenlat-
ing the reciprocal of the resistance (the conductance} and
dividing this by the lung voluine to give the specific con-
ductance. This measurement in health remains virtually
constant throughout life at 0.2-0.4.

ASSESSMENT OF RESPIRATORY MUSCLE
FUNCTION

Diaphragm function
There are a number of techniques which can be used to
assess diaphragmatic function in neonates including pres-
sure measurements, diaphragmatic movements, phrenic
nerve stimulation, EMG recording and thoracoabdominal
motion.

Real-time ultrasonography has been used to record
axial movement of the right hemidiaphragm.’®*® Although



Assessment of respiratory muscle function 125

it may be of clinical value in assessing diaphragm, rib
cage or abdominal wall defects, it is limited in that it does
not provide a quantitative measure of diaphragmatic
function. In hemidiaphragm paralysis, an elevated
diaphragm may be visible on chest radiography; how-
ever, with substantial bilateral diaphragm weakness the
chest radiograph may show elevated hemidiaphragims
which can appear relatively normal.*” Similarly, a cepha-
lad movement of the diaphragm is commonly observed
on fluoroscopy during inspiratory maneuvers, but this
test has the disadvantages of a significant false-positive
rate* and also provides little information concerning the
degree of diaphragm weakness. Also, accurate diagnosis
using real-time ultrasound and fluoroscopy can often be
difficult when patients are receiving continuous positive
pressure ventilation.*»®” Transcutaneous electrical stim-
ulation of the phrenic nerve during fluoroscopy or real-
time ultrasound (sonoscopy) of the diaphragm allows
more precise functional evaluation than fluoroscopy
and/or sonoscopy alone.®

EMG activity of the diaphragim can be recorded via
surface and/or esophageal clectrodes. However, due to
the insertion of the diaphragm, the signal from surface
electrodes can be contaminated by the EMG activity of
other muscles. Analysis of the EMG power spectrumn
allows a number of variables to be derived, such as peak
amplitude,S"® high:low frequency ratio® ™ and centroid
frequency'’ and it has been suggested that a fall in high
frequency and a rise in low-frequency power is associated
with diaphragmatic fatigue in preterm infants.5*"® EMG
provides a measure of the electrical activity but not force
production by the diaphragin and there is evidence to
suggest that power spectium analysis may not be a reli-
able measure of low-frequency muscle fatigue.”” EMG
activity of the intercostal® and abdominal inuscles has
also been recorded in infants®® Clinically, recording
respiratory muscle EMG activity is particularly useful
during a sleep study.®?

Uncalibrated respiratory inductive plethysinography
has been used to indirectly evaluate diaphragm function.
The uncalibrated signals from the ribcage and abdomen
are used to provide a measure of the relative magnitude
and timing of thoracic and abdominal movement. The
phase angle derived from an x-y plot of the ribcage versus
abdominal movements gives an index of thoraco-
abdominal asynchrony.5”'% Changes in thoracoabdo-
minal asynchrony reflect the changes in lung mechanics
induced by bronchodilators and hence may be a useful
indicator of respiratory muscle function in lung disease.®
Procedures which are thought to reduce the work of
breathing such as prone positioning,''® continuous posi-
tive airway pressure® and abdominal loading,* all improve
thoracoabdominal synchrony. As with EMG recordings,
inductive plethysmography enly gives an indirect meas-
ure of global respiratory muscle function and will not
provide a direct measure of diaphragm force production.

Scott et al®® has used a technique involving measure-
ments of transdiaphragmatic pressure (Pg) to assess
diaphragmatic function in infants. They measured max-
tmal Py; during crying in 38 infants ranging from 8 to 21
months postconceptional age. There was a significant
positive correlation between maximal Py and post-
conceptional age, suggesting a developmental pattern of
increasing maximal transdiaphragmatic pressure in infants
during crying. Chest wall distortion, however, can influ-
ence esophageal pressure measurement™ and the accu-
racy should be checked by comnparison to mouth pressure
during occlusion."

Phrenic nerve stimulation in the neck allows diaphragm
function to be assessed directly.3® Flectrical stimulation
of the phrenic nerves is generally performed transcuta-
neously using bipolar electrodes. Precise electrode place-
ment is essential if supramaximal stimulation is to be
achieved, which often requires repeated stimulations that
are painful due to the high stimulus voltage needed to
overcome the resistance of the skin. This has limited
the extent to which this technique is applied in clinical
studies. Electrical stitnulation has been used primarily
to measure phrenic nerve latency.*>”>*>* Values for
normal phrenic nerve latency are 6-8 ms at birth, increas-
ing to about 5ms at 1 year of age, despite an increase in
conduction distance.™ The increase in nerve conduction
velocity is dependent on the physical properties of the
nerve, such that with growth the size of the nerve fibers
and the degree of myelination increases. The overall vari-
ability of the phrenic nerve latency with transcutaneous
electrical stimulation is approximately =1 ms; differ-
ences greater than this between measurements are likely
to reflect a real change in phrenic nerve function.”*

Many of the problems associated with electrical
stimulation can be overcome by magnetic stimulation.
Discharging a magnetic coil creates a pulsed magnetic
field, which causes current to flow in the nerve and the
muscle to contract,'! Using a 90mm double, circular
stimulating ceil placed over the phrenic nerves on the
anterolateral aspect of the neck, supramaxiinal unilateral
and bilateral phrenic nerve stimulation can be achieved
in infants and children (Figure 13.17).%% Diaphragm
force is assessed as transdiaphragmatic pressure obtained
fromn balloons positioned in the mid-esophagus and
stomach (Figure 13.18). Magnetic stimulation provides
an ideal, effort-independent technique to assess
diaphragm contraciility in neonates and children as it is
both technically easy to perform and painless. Painful
stimuli would arouse the patient and possibly prevent
reproducible measurements of TwPy due to twitch
potentiation from crying. As the stimulating currents are
produced in situ, their intensities can be very low, possi-
bly explaining the absence of pain when using magnetic
stimulation.’* Magnetic stimulation is able to stimulate
underlying nervous tissue without contact with or pres-
sure on the overlying skin and could therefore be useful

125



126 Measurement of lung function

High power Magstim 200

“ Amplifier

Pressure transducers

90 mm Couble circular coil

Stimulus

11— ]
A—
Pgas
Pressure I
{cmH,0)
g —
l
60 = ]
l
Pressure I
{emH,0)
[
]
0— - - Pdl
500 ms
g

Figure 13.18 Representative diaphragm force response
following unilateral anterior magnetic phrenic nerve
stimulatian. Esaphageal and gastric pressure are shown in
the upper trace and the resulting transdiaphragmatic
pressure has been transposed and shown in the fower trace.

when contact is painful or access is limited, for example,
due to vascular catheters. Furthermore, the stimulating
coils are easy to position and compared to electrical stim-
ulation require less precise positioning. The technique
can be used to stimulate just one (Figure 13.18) or both
phrenic nerves simultaneously (Figure 13.19). The
stimulus does not irritate the skin and it is non-thermal,
To date no side-effects of single, repeated magnetic
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Figure 13.17 Diagrammatic
representation of the apparatus
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positioned for unilateral magnetic
stimufation of the phrenic nerve.
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Figure 13.19 Representative diaphragm force response
following bilateral anterior magnetic phrenic nerve
stimulation. Esaphageal and gastric pressure are shown in
the upper trace and the resuiting transdiaphragmatic
pressure has been transposed and shown in the lower trace.

stimulation, whether used transcortically or peripherally,
have been reported.!'**

Measurementi of maximal static inspiratory
(Piwax) and expiratory (Pgyax) pressure
Measuremnent of Pyyax and Pryysy obtained by occluding
the airway during crying provides a good, reproducible
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estimate of the respiratory muscle strength in both
healthy infants® and in infants with muscle weakness.”
In contrast to Shardonofsky et al.,”” who suggested that
the measuremnent was independent of age, sex and
anthropometrics, Dimitriou et al.>* demonstrated that
both Pjyax and Py were significantly higher in term
than in preterm infants and positively correlated with
increasing gestational and postconceptional age.
Maturation at the time of measurement should therefore
be taken into account when interpreting the results of
tests of respiratory muscle strength.

REFERENCES

1 Abraham, §.6., Stebbens, VA, Samuels, M.P, Southall, D.P.
{1990) Investigation of cyanatic/apneic episodes and sleep
related upper airway obstruction by long term non-invasive
bedside recordings. Pediotric Pulmonology 8, 259-262.

2 Aiton, N.R., Fox, G.F, Alexander, J. et af. (1936} The
influence of sleeping position on functional residual
capacity and effective puimonary blood Bow in healthy
neonates. Pediatric Pulmonology 22, 342-347.

3 Aiton, N.R., Fox, G.F, Hannam, 5. et gl. {1336} Pulmonary
hypoplasia presenting as persistent tachypnoea in the first
few months of life. British Medical fournal 312, 1149-1154.

4 alexander, C. {1966} Diaphragm movements and the
diagnosis of diaphragmatic paralysis. (linicaf Radiology 17,
79-83.

5 Alexander, ., Milner, A.D. (1995) Lung volume and
pulmonary bicod How measurements following exogenous
surfactant. European journal af Pediatrics 154, 392-397.

6 Allen, ).L., Weifson, M.R., McDowell, K., Shaffer, T.H. (1990)
Thoracoabdominal asynchrony in infants with airfiow
obstruction. American Review of Respiratory Disease 141,
337-342.

7 Allen, J.L., Greenspan, |.5., Deoras, K.S. et af. {1991)
Interaction between chest wall motion and lung mechanics
in normal infanis and infants with bronchopulmonary
dysplasia. Pediatric Pulmonofogy 11, 37-43.

8 Allison, R.D., Holmes, E.L., Nyboer, |. (1964) Volumetric
dynamics of respiration as measuved by electrical
impedance plethysmography. fournal of Applied Physiology
19, 166-173.

9 Anonymous. (2000) The raised volume rapid
thoracoabdominal compression technigue. The Joint
American Thoracic Society/European Respiratory
Society Working Group on Infant Lung Function.

American jaurnal of Respiratory and Critical Care Medicine
161, 1760-1762.

10 Asher, M.1., Coates, A.L., Collinge, |.M., Milic-Emtli, §. {1982)
Management of esophageal pressure in neonates. journal of
Applied Physiology 52, 491-434.

11 Barker, A., Freeston, 1., 1alinous, R., larrett, J. (1987}
Magnetic stimulation of the human brain and peripheral
nervous system: an introduction and the resuits of an initial
clinical evaluation. Neurosurgery 20, 106-109.

12 Beardsmore, C., Helms, P., Stocks, |. ef g/, (1980} Improved
esophageal balloon technigue for use in infants. journal of
Applied Physiology 49, 735-742.

13 Beardsmore, C.5., Stocks, J., Silverman, M. {1982} Problems
in the measurement of thoracic gas velume in infancy.
fournal of Applied Physiofogy 52, 995-999.

127

14

15

16

17

20

21

22

23

24

25

26

27

29

30

Boon, A.W., Ward-McQuaid, L M.C_, Milner, A.D., Hopkin, |LE,
(1981) Thoracic gas volume, helium functional residual
capacity and airtrapping in the first six hours of life. The
effect of oxygen administration. £arly Human Development
5, 157-166.

Bose, C.L., Lawson, E.E., Green, A, et ¢l (1986) Measurement
of cardiopulmonary function in ventilated neonates with
respiratory distress syndrome using rebreathing
methodology. Pediatric Research 20, 316-320.

Castile, R.G., Filbrun, D., Flucke, R. et af. (2000) Adult-type
pulmenary function tests in infants without respiratory
distress. Pediatric Pulmanology 30, 215-227.

Chambille, B., Yardeon, G., Monrigal, L.P. et af. {1989}
Technigue of on-line analysis of diaphragmatic
electromyogram activity in the newbaorn. furopean
Respiratory journal 2, 883-8B6.

Cohn, M_A_, Wagson, H., Beisshant, R. ef af. (1978] A
Transducer for Non-invasive Monitoring of Respirotion.
International Symposium on Ambulatory Monitoring. New
York/London: Academic Press.

Cross, K.W. {1949) The respiratory rate and ventilation in the
newborn baby. Journal of Applied Physiofogy 109, 459473,
Devlieger, H., Daniels, H., Marchal, G. et gf. {1991) The
diaphragm of the newborn infant: anatemical and
ultrasonographic studies. fournal of Developmental
Physiology 16, 321-329.

Dezateux, C.A., Stocks, |., Dundas, 1. et al. (1994) The
relationship between tprep te and specific airway
conductance in infancy. Pediatric Puimonolegy 18, 299307,
Dimitriow, G., Greenough, A. (1995) Measurement of lung
volume and optimal axygenation during high frequency
osciilation. Archives of Disegse in Childhood Fetaf and
Neonatat Edition 72, F180-F183.

Dimitriou, G., Greenough, A, Dyke, H., Rafferty, G.F. (2000}
Maximal airway pressures during crying in healthy

preterm and term infants. Larfy Human Develapment 57,
149-156.

DuBois, A.B., Botelho, S.Y., 8edell, 8.M. ef al. (1956 A rapid
plethysmographic method for measuring thoracic gas
volume: a comparisen with a niirogen washoeut method for
measuring functional residual capacity in normal subjects.
fournal af Clinical investigation 35, 322-326.

DuBois, A.B., Botelho, 5.Y., Comroe, |.H. (1956} A new
method for measuring ainway resistance in man using a
hody plethysmograph: values in normal subjects and in
patients with respiratory disease. faurnal of Clinical
investigation 35, 327-332.

Duffty, P, Spriet, L., Bryan, M.H., Bryan, A.C. {1981)
Respiratory induction plethysmography (Respitrace): an
evaluation of its use in the infant. American Review of
Respiratory Diseqse 123, 542-546.

Dundas, i., Dezateux, CA_, Fletcher, M.E. et al. (1995}
Comparison of single-breaih and plethysmographic
measurements of resistance in infancy. American journal of
Respiratory and Critical Care Medicine 151, 1451-1458.
England, 5.]. {1988) Current techniques for assessing
pulmonary fuaction in the newhorn and infant: advantages
and limitations. Pediatric Pulmonalagy 4, 48-53.

Eyre, I.A., Fleckneli, P.A., Kenyon, B.R. et al. {1990} Acute
effects of electromagnetic stimulation of the brain on
cortical activity, cortical blood flow, blood pressure and
heart rate in the cat: an evaluation of safety. journal of
Neurolagy, Neurosurgery and Psychiatry 53, 507-513.

Feher, A., Castile, R., Kilsing, |. et af. {1996) Flow limitation
in normal infants: a new method for forced expiratory
maneuvers from raised lung volumes. fournal of Applied
Physiology 80, 2019-2025.



Henschen, M., Stocks, . {1999) Asessment of airway function

Modihication of the open circuit N2 washout technique for
measurement of functional residual capacity in premature

temperature and oxygen consumption in the newbaorn baby.

Hoskyns, E.W., Milner, A.D., Hopkins, |.E. (1987) Validity of

hernia: prediction of outcome. fournal of Pediatric Surgery

end-expiratory lung volume in full-term infants. journaf of

Lee, 5., Hassan, A, Ingram, D., Milner, A.D. {1999) Effects of

respiratory mechanics in newboins and children. American

compression pressure on forced expiratory flow in infants,

K.H. (1993) Lung Function in 448 Healthy Norwegion Infants.

128 Measurement of lung function

31 Field, D, Milner, A.D., Hopkin, I.E. (1984) High and 48
conventional rates of positive pressure ventilation. Archives using parlial expiratory How-voilume curves. American
of Disease in Chifdhood 59, 11511154, fournal of Respiratory and Critical Care Medicine 159,

32 Field, D, Milner, A.D., Hopkin, I.E. {1985} Effects of positive 480-436.
end expiratory pressure during ventilation of the preterm 49 Hentschel, R., Suska, A, Volbracht, A, et af. {1997)
infant. Archives of Disease in Chifdhood 60, 843847,

33 Finucane, K.E., Egan, B.A., Dawson, S.V. {1972} Linearity and
frequency respanse of pneumgtachographs. Journal of infants. Pediotric Pulmonology 23, 434-441.

Applied Physiofogy 32, 121-126. 50 Hey, E.N. (1969) The relation between enviranmental

34 Fleming, PI.. Muller, N_L., Bryan, H., Bryan, A.C. {1979} The
effects of abdominal ioading on rib cage distortion in Journal of Physiolagy 200, 585-603,
premature infants. Pediatrics 64, 425-428. 51

35 Fleming, P1, Leving, M.R., Long, A.M., Cleave, ).F {1988} forced expiration volume loops in neonates. Archives of
Postneonatal development of respiratory oscillators. Annals Disease in Childhood 62, 895-900.
of the New York Academy of Sciences 533, 305-313. 52 Imai, T., Shizukawa, H., Imaizumi, H. et a/. {2000} Phrenic

36 Frey, U, Stocks, |, Coates, A, et al. (2000) Specifications for nerve conduction in infancy and early childhood. Muscle
equipment used for infant pulmonary function testing, and Nerve 23, 915-918.

ERS/ATS Task Force on Standards for Infant Respiratory 53 Kawvadia, V., Greenough, A., Laubscher, B. et af. (1997}
Function Testing. European Respiratory Society/American Perioperative assessment of respiratory compliance and
Thoracic Society. European Respiratery faurnal 16, 731-740. lung volume in infants with congenital diaphragmatic

37 Frey, U, Stocks, |., Sly, P., Bates, ). (2000) Specification for
signal processing and data handling used for infant 32, 1665-1669.
pulmonary function testing. ERS/ATS Task Force on 54 Kosch, R.C., Stark, AR {1984) Dynamic maintenance of
Standards for Infant Respiratory Function Testing. European
Respiratory Society/American Thoracic Society. European Applied Physiofogy 57, 1126-1133.

Respiratory fournal 16, 10161022, 55  Krieger, 1. {1963} Studies on mechanics of respiration in

38 Gagliardi, L., Ruscorni, R, Asten, H., Silverman, M. (1996} infancy. American Journal of Diseases of Children 105,
Occlusion maneuver to detect the relative contribution of 439-448.
the rib cage and abdomen to tidal volume using respiratory 56 Laing, LA, Teele, R.L., Stark, A.R. {1988) Diaphragmatic
inductive plethysmography in infants. Pediatric movements in newborn infants. fournal of Pediatrics 112,
Pulmonofogy 21, 132-137. 638-643.

39 Gappa, M., Colin, AA., Goetz, |., Stocks, . (2001) ERS/ATS 57 Laroche, C.M., Carrell, N., Moxham, J., Green, M. [1988)
Task Force on Standards for Infant Respiratory Function Clinical significance of severe isolated diaphragm
Testing. Furopean Respiratory Societyfamerican Thoracic weakness, American Review of Respiratory Disease
Saciety. Passive respiratory mechanics: the occlusion 138, 862-866.
techniques. Eurapean Respirotory Journal 17, 141-148. 58

40 Godal, A., Belenky, D.A., Standaert, T.A. ef af. (1976} different modes of delivery on lung volumes of newborn
Application of the hot-wire anemometer to vespiratory infants. Pediatric Pulmanology 27, 318-321.
measurements in small animals. fjournal of Applied 59 LeSouef, P.N.. Lopes, .M., England, 5.]. et af. (1983}
Physiolagy 40, 275-277. Influence of chest wall distortion on esophageal pressure.

41 Goldman, M.D., Pagani, M., Trang, H.T. et af. {1993) Journai of Applied Physiclogy 55, 353-358.
asynchronous chest wall movements during non-rapid eye 60 LeSouef, P.N., England, S.]., Bryan, A.C. {1984) Passive
movement and rapid eye movement sleep in children with
hronchopuimonary dysplasia. American Review of Review of Respiratory Disegse 129, 552-556.

Respiratary Disegses 147, 1175-1184. 61 LeSouef, P.N., Hughes, D.M., Landauy, L), (1986} Effect of

42 Greenough, A., Naik, 5., Itakura, Y. et al. (1998) Perinatal
lung function measurements and prediction of respiratory Journal of Appiied Physialogy 61, 1635-1646.
problems in infancy. Physiolagical Measurement 19, 62 Locke, R, Greenspan, ).5., Shaffer, T.H. et ai (1991)
421-426. Effect of nasal CPAP on thoracoabdominal motion in

43 Grenvik, A, Hedstrand, L., Sjoegren, H. {1966) Problems in neonates with respiratory insufficiency. Pediatric
prneumotachography. Acta Anaesthesiolagica Scandingvica Pulmonalogy 11, 259~264.

10, 147—155. 63 Lodrup Carlsen, K.C., Samueisen, $.0., Botten, G., Calsen,

44 Gurakar, A., Hassanein, T., van Thiel, D.H. (1995} Right
diaphragmatic paralysis following orthotopic liver Oslo: European Paediatric Respiratory Society.
transplantation. journal of the Okiahoma State Medicaf 64 Lopes, .M., Muller, N.L., Bryan, M.H., Bryan, A.C. (1981)
Associatian 88, 149-153. synergistic behavior of inspiratory muscles after

45 Guslits, B.G., Wilkie, R.A., England, S.]., Bryan, A.C. {1987) diaphragmatic fatigue in the newborn. journal of Applied
Comparison of methods of measurement of compliance of Physiolagy 51, 547-551.
the respiratory system in children. American Review of 65 Manczur, T., Greenough, A., Rafferty, G.F. et gf. (2000
Respiratory Diseose 136, 727-729. Measurement of respiratory mechanics in the pediatric

46 Hannam, S, Ingram, D.M., Rabe-Hesketh, S., Milner, A.D. intensive care unit: 2 comparison of techniques during
{2001} Characterisation of the Hering-Breuer deflation pressure- and volume-limited ventilation. Pediatric
reflex in the human neonate. Respiration Physiviogy Puimonoiogy 30, 265-267.

124, 51-64. 66 Martinez, F.O., Morgan, W.)., Wright, A L. ¢f a/. (1988}

47 Helms, P, Taylor, B.W., Milner, A.D., Hatch, 0.). (1982}

Critical assessment of jacket plethysmograph for use in
young children. faurnal af Applied Physiology 52, 267-273.

128

Diminished lung functicn as a predisposing factor for
wheezing respiratory illness in infants. New England taurnal
of Medicine 319, 1112-1117.




67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

g2

a3

34

85

-1

Mcalister, VO, Grant, D.R., Roy, A. et al. (1993] Right
phrenic nerve injury in orthotopic liver transplantation.
Transplantation 55, 826830,

McCauley, R.G., Labib, K.B. (1984) Diaphragmatic paralysis
evaluated by phrenic nerve stimulation during flucroscopy
or real-time ultrasound. Radinfogy 153, 3336,

McCoy, K.S., Castile, R.G., Allen, E.D. et al. {1995) Functional
residual capacity (FRC) measurements by plethysmography
and helium dilution in normal infants. Pediatric
Pulmonology 19, 282-290.

Milner, A.D. (1990) Lung function testing in infancy:
personal experience. Archives of Disease in Childhood

65, 548-552.

Milner, A.D. (1993} How does exogenous surfactant work?
Archives of Disease in Childhaod 68, 253-254,

Milner, A.D., Saunders, R.A. {1977) Pressure and volume
changes during the first breath of human neonates.
Archives of Disease in Childhood 52, 318-924.

Milner, A.D., Saunders, R.A., Hopkin, L.E. (1978} Relationship
of intra-oesophageal pressure to mouth pressure during the
measurement of thoracic gas valume in the newbarmn.
Biology of the Neonate 33, 314-315.

Milner, A.D., Marsh, M.i., Ingram, D.M. et a/. (1999} Effects
of smoking in pregnancy on neonatal lung function.
Archives of Disease in Chitdhood Fetal and Neonatal Edition
80, FB-F14.

Moosa, A. {1581) Phrenic nerve conduction in children,
Develapmental Medicine and Chitd Neuralagy 23, 434-448.
Martola, J.P, Saetta, M. (1987} Measurements of respiratory
mechanics in the newhorn: a simple approach. Pediatric
Pulmonoiogy 3, 123-130.

Moxham, )., Edwards, R.H., Aubier, M. et oi. {1932)

Changes in EMG power spectrum (high-to-low ratia) with
force fatigue in humans. fournal af Applied Physiology

53, 10941099,

Muller, N., Gulston, 6., Cade, D. et af. (1979) Diaphragmatic
muscie fatigue in the newborn. journal of Applied
Physiology 46, 688-5695.

Nelson, 8.M., Prod’hem, $., Cherry, R.B. et af. {1963}
Pulmonary function in the newborn infant. V. Trapped gas
in the normal infant’s lung. fournal of Clinical Investigation
42, 1850-1857.

Olinsky, A., Bryan, A.C., Bryan, M.H. {1976] A simple
method of measuring total respiratory system compliance
in newborn infants. South African Medical journal 50,
128-130.

Poole, K.A., Thompsen, |.R., Hallinan, H.M., Beardsmare,
C.5. (2000) Respiratory inductance plethysmography in
healthy infants: a comparison of three calibration methods,
European Respiratory fournal 16, 1084-1090.

Praud, .P., D'Allest, A.M., Nedelcous, H. et of. (1989)
Sleep-related abdeminal muscle behavior during partial or
tomplete obstructed breathing in prepubertal children.
Pediatric Research 26, 347-350.

Praud, |.B, Egreteau, L., Benlabed, M. et af. {1991)
Abdominal muscle activity during CO; rebreathing in
sleeping neonates. fournal of Applied Physiolagy 70,
1344-1350.

Prechtl, H.V. (1974} The behavioral status of the newborn
infant (a review). Brain Research 76, 185-212.

Radford, M. [1974) Measurement of airway resistance and
thoracic gas volume in infancy. Archives of Disease in
Childhood 49, §11-815.

Rafferty, G.F., Greenough, A., Dimitriou, G. ¢t af. (1999)
Assessment of neonatal diaphragmatic paralysis using
magnetic phrenic nerve stimulation. Pediatric Puimonology
27, 224-226.

87

88

89

20

91

92

93

94

95

=1

97

98

93

100

nm

102

129

References 129

Rafferty, 6.F., Greencugh, A., Dimitriou, G. et al. {2000)
assessment of neonatal diaphragm function using
magnetic stimulation of the phrenic nerves. American
fournaf of Respiratory and Critical Care Medicine

162, 23372340,

Rafferty, 6.F., Greenough, A., Manczur, T.0. et al. (in press)
Magnetic phrenic nerve stimulation to assess diaphragm
function in children following liver transplantation.
Pediatric Critical Care Medicine (in press).

Ratjen, F., Grasemann, H., Woistein, R., Wiesemann, H.G.
{1998) Isovolume pressure/flow curves of rapid
thoracoabdominal compressions in infanis without
respiratory disease. Pediatric Pulmenoiogy 26, 197-203,
Richardson, P, Bose, {.L., Carlstrom, L.R. {1986) The
functional residual capacity of infants with respiratory
distress syndrome. Acta Paediatrica Scandinavica

75, 267-271.

Rigatto, H., Brady, ].B., Yerduzco, R.T. {1975) Chemoreceptor
reflexes in preterm infants 1. The ettect of gestational and
postnatal age on the ventilatary respanse to inhalation of
100% and 15% oxygen. Pediatrics 55, 604-b613.

Rigatto, H., Brady, J.B., Yerduzco, R.T. {1975) Chemoreceptor
reflexes in preterm infants Il. £ffect of gestaticn and
postnatal age on the ventilaiory response to inhaied carbon
dioxide. Pedratrics 55, 614-628.

Ross Russell, R.1., Helps, B.A., Dicks Mireaux, CM.,

Helms, P.J. (1993) Early assessment of diaphragmatic
dystunction in children in the ITU: chest radiclogy and
phrenic nerve stimulation. furapean Respiratory journal
6, 13361339,

Ross Russell, R.1., Helps, 8.A,, Elliot, M.)., Helms, RJ. {1993)
Phrenic nerve stimulation at the bedside in chifdren
equipment and validation. European journal of Pediatrics
6, 13321335

Scott, C.8., Nickerson, B.G., Sargent, C.W. et af. (1983)
Developmental pattern of maximal transdiaphragmatic
pressure in infants during crying. Pedigtric Research

17, 707-709.

Seddon, P.C., Davis, G.M., Coates, A.L. [1996) Do tidal
expiratory flow patterns refect iung mechanics in infants?
American journal of Respiratory and Critical Care Medicine
153, 12481252,

Shardonofsky, F.R., Perez-Chada, D., Carmuega, E.,
Milic-Emili, |. (1989} Airway pressures during crying in
heaithy infants. Pediatric Pulmanplogy 6, 14-18.
Shardonofsky, E.R., Perez-Chada, D., Milic-Emili, ). {1991)
Airway pressures during ¢rying: an index of respiratory
muscle strength m infants with necromuscular disease,
Pediatric Pulmonology 10, 172-177.

Sivan, Y., Deakers, T.W., Newth, C.J.L. {1950
Thoraceabdominal asynchrony in acute upper airway
obstruction in small children. American Review of
Respiratary Disease 142, 540-544

Sjogvist, B.A., Sandberg, K., Hialmars, W.0., Olssen, T.
{1283) Assessment of lung volumes in newborn infanis by
computer assisted plethysmographic N2 washout methods.
Goteborg, Sweden: Laboratary of Medical Electronics,
Chambers University of Technology, 4.83.

Sly, P.D., Tepper, R., Henschen, M. et a!l. (2000) Tidal forced
expirations. ERS/ATS Task Farce on Standards for Infant
Respiratory Function Testing. European Respiratory
SocietyfAmerican Thoracic Saciety. Furopean Respiratory
Journal 16, 741-748.

Stick, S.M., Buiton, P.R., Gurrin, L. et af. {1996) Effects of
maternal smoking during pregnancy and a family history of
asthma on respiratory function in newborn infants. Lancef
348, 1060-1064.



130

Measurement of jung function

103

104

1065

106

197

108

109

110

Stokes, G.M., Hodges, 1.6.C., Henry, R.L. &t af. (1983)
Nebulised therapy in acute severe bronchiolitis in infancy.
Archives of Disease in Childhood 58, 279-283.

Stokes, G.M., Milner, A.D., Upton, C.). {1992) Is thoraco-
abdominal phase relationship an indicator of sleep state?
European journal of Pediatrics 151, 526--527.

Storme, L., Rioy, Y., Leclerc, F. et gl. (1992} Respiratory
mechanics in mechanically ventilated newborns: a
comparison between passive inflation and occlusion
methods. Pediatric Puimonelogy 12, 203-212.

Tabachnik, E., Muller, N_, Toye, B., Levisan, H. [1981)
Measurement of ventilation in children using the
respiratory inductance plethysmograph. fournafl of
Pedigtrics 99, 895-899.

Taussig, L.M., Landauy, L1, Godirey, 5., Arad, 1. (1982)

Ceterminants of forced expiratory flows in newborn infants.

Journal of Applied Physiology 53, 1220-1227.

Tepper, R.S., Pagtakhan, R.D., Taussig, L.M. {1584) Non-
invasive determination of total respiratory compliance in
infants by the weighted spirometer method. American
Review of Respiratory Disease 139, 461-466.

Thamas, DA, Poole, K., McArdle, E.K. et af (1996)
Peripheral chemoresponses of infants measured by a
minimally invasive method utilizing two-breath
alternations in Fi0,. Furopean Respiratory fournal 9,
1267-1268.

Thomas, M., Greenough, A., Blowes, R, ¢t gf, (2002} Airway
resistance estimaticn in very premature infants by best-fit
analysis. Physiological Measurement 23, 279-285.

130

112

113

114

115

116

117

118

Upton, €., Stokes, G.M., Wilson, A.l, Milner, A.D. (1990}
Dynamic response to tube breathing during the first 10 days
of life. Pediatric Puimenology 9, 72-79.

Vyas, H., Milner, A.C., Hopkin, |.E. (1981) Intrathoracic
pressure and velume changes during the spontaneous onset
of respiration in babies born by Cesarean section and by
vaginal delivery. fournal of Pediatrics 99, 787-791.

Vyas, H., Field, 0., Hopkin, ).E., Milner, A.D. {1986}
Determinants of the hrst inspiratory volume and functional
residual capacity at birth. Pediatric Putmonclogy 2, 189-193.
Wilkie, R.A., Bryan, M.H., Tarnow-Mordi, W.0. (1994) Static
respiratory compliance in the newborn. I1: Its potential

for improving the selection of infants for early surfactant
treatment. Archives of Disease in Chifdhood 70, F16-F18.
Wwilson, $.J., O’Brien, C., Harris, M.A., Masters, [.B. {1998)
Measuring tidal volume and functional residual capacity
change in sleeping infants using a volume displacement
plethysmograph. Furopean Respiratory journal 12,
T186-1190.

Waolfson, M.R., Greenspan, ).S., Deoras, K.S. et ai. {1992)
Effect of position an the mechanical interaction between
the rib cage and abdomen in preterm infants. journal of
Applied Physiology 72, 1032-1038.

Yuksel, B., Greenough, A. {1995) Functional residual
capacity to thoracic gas volume (FRC:TGY] ratio in healthy
neonates, Respiratory Medicine 89, 428433,

Yuksel, B., Greenough, A., Giffin, F]., Nicolaides, K.H. (1996}
Tidal breathing parameters in the first week of life and
subsequent cough and wheeze. Thorax 51, 815-818.



PART 3

Clinical management of
the neonate with respiratory
problems

Resuscitation at birth 133
Respiratory support 149
Intensive care 205
Feeding 216
Monitoring 224
Physictherapy 236

131



132



Resuscitation at birth

14

ANTHONY D MILNER

History 133 Physiologica! response to resuscitation 142
Effecis of asphyxia on the newborn 133 Preterm habies 144
Resuscitation facilities for use in the labor suite 135 Withdrawal of resuscitation 145
Labor ward management of term habies 136 References 145
HISTORY An alternative approach recommended by Blaikley and

Although the importance of providing appropriate facili-
ties for all newborn babies has only been generally appre-
ciated over the last 40 years, a recommendation that every
accoucheur should carry along with him o every labora
tracheal pipe, a little tube of silver designed to pass down
the trachea, was first made by Blundell, an obstetrician at
Guy’s Hospital in 1834.% He recommended that the fourth
finger of the left haud be slid down ‘the roof of the tongue
and into the rim of the glottis and then, using the tube with
the right hand, insert the tube’. The lungs were then to be
inflated from the operator’s own lungs. Although not in
regular use since then, this was re-described in 1941 by
Russ and Strong,”® and recently by neonatologists from
Washington.”' In 1842, Evanson and Maunsell recom-
mended the use of oropharyngeal suction followed by
mouth-to-mouth resuscitation.”” This was very much
against the recommendation of the Royal Humane
Society,” which deprecated the use of mouth-to-mouth
resuscitation on the grounds that ‘stale’ air was unlikely
to be of value in resuscitation. In 1889, Doe and Braun
described the use of a box ventilator, a rather clumsy
precursor of the tank ventilators which were used exten-
sively for the treatment of poliomyelitis victims.* In the
1920s, a paper published in the Journal of the American
Medical Association recommended the use of T-piece face
mask resuscitation (see below).>* The main claim for the
introduction of neonatal resuscitation must be ascribed,
however, to Flagg who, in 1928, advocated intubation
and intermittent positive pressure ventilation (IPPV).>*

Gibberd of Queen Charlotte’s and Guy’s Hospitals, London
in 1935 was that of intubation and high level continuous
positive airways pressure.'” Despite this, there remained
interest in other forms of resuscitation including gas-
tric oxygen® and hyperbaric oxygen.®® Although these
approaches did have some advocates who were perhaps
having problems coming to terms with the skills of intuba-
tion and ventilation, interest in them has now disappeared!

EFFECTS OF ASPHYXIA ON THE NEWBORN

It is well established that the neonatal primate,* inclnding
the human,'® can survive acute total asphyxia for up to
20 minutes without suffering any neurological sequelae.
This is because the neonatal brain has the ability to metab-
olize lactate and ketones. Unfortunately, this information
is of little use in deciding when resuscitation should be
commenced, as isolated acute total asphyxia is rare, the
majority of babies failing to breathe at birth because of
a combination of acute and chronic partial asphyxia.
The first marker often noticed by the mother of chronic
partial asphyxia is a cessation of general motor activity.
The response to this form of asphyxia in the human infant
just before delivery has been well documented by fetal
monitoring and cordocentesis. The fetal heart initially
responds to hypoxia by an increase in heart rate, usually
to above 160 beats/min (bpm). As the fetal heart is rela-
tively poor in sacromeres, the fetus may improve cardiac
output only by a rise in heart rate rather than by an
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increase in stroke volume. With persisting hypoxia, the
beat-to-beat variation in heart beat disappears due to loss
of ability of the heart to respond to the vagus. As the
asphyxia persists with fall in pH, CO, retention and relative
hypoxia [often to levels of below 2.5kPa {18.8 mmHg)),
late decelerations are seen, that is the bradycardia occurring
in association with uterine contractions and due to head
compression which persists into the non-contractile
interval. Unfortunately, monitoring of the fetal heart
rate during labor has failed to be as sensitive and specific
an indicator of significant fetal asphyxia as was initially
hoped,* and certainly will not identify all cases of mod-
erate or even severe asphyxia.®’

What is increasingly apparent is that hours or even days
before the onset of labor, the fetus can suffer an asphyxial
or hypoxic insult and then apparently make a total recov-
ery, breathing spontaneously at birth, even though the
baby has extensive brain damage which is not apparent for
weeks or even months,'9%106

Although all the metabolic processes of the newborn
can be adversely affected by the hypoxia, hypoperfusion
and metabolic acidosis associated with perinatal asphyxia,
some organs are more susceptible than others.

Ceniral nervous system

Asphyxial effects on the brain include cerebral edema and
selective neuronal necrosis, which may affect the cortex
generally, but also often involves Sonnen’s section of the
hippocampus, the cerebellar cortex, thalamus and brain-
stem.*® In preterm infants, periventricular leukomalacia
and intraventricular hemorrhage can occur. In the full-
term baby, those severely affected will show features of
hypoxic ischemic encephalopathy ranging from a state of
hyperreactivity through transient fits to unresponsive
unconsciousness and opisthotonos, resulting either in
death or severe global impairment.®® It is now well estab-
lished that although the primary asphyxial insult can
result in irreversible brain damage, there is then a thera-
peutic window lasting for up to 48 hours followed by a
secondary energy failure with further neuronal necrosis
and apoptosis.°»’® This secondary damage results from a
number of biochemical insults including calcium overload
and generation of oxygen free radicals during the reper-
fusion period.?”-*” This raises the exciting possibility that
long-term neurclogical deficit may be reduced by early
therapeutic intervention. Approaches under investigation
include the use of calcium channel blockers,® oxygen free
radical scavengers and inhibitors”!2 and, perbaps the most
encouraging, total body’ or selective head cooling.®

Cardiovascular system

Myocardial depression is cornmon after a severe ischemic
insult, resulting in hypotension, cardiac failure and necrosis
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of cardiac muscle. Tricuspid repurgitation occurs sec-
ondary to cardiac dilatation and stretching of the tricuspid
valve ring.'” In a recently published study, more than 80
percent of 43 infants with severe perinatal asphyxia had
ECG and/or biochemical evidence of myocardial ischemia
and 24 had cardiovascular symptoms.'% As a result of these
changes, plasma expanders should be used with caution;
fortunately, however, the myocardium does often respond
to inotropes.

Renal system

Acute renal fallure is common after neonatal asphyxia often
due to acute tubular necrosis, and associated with myo-
globinemia.” Fortunately, in all except those with severe
ischemic damage, the kidneys usually recover within days;
this is often accompanied by a diuresis.

Gastrointestinal

Occasionally resuscitation may be accomipanied by either
esophageal or gastric perforation (see below). A worrying
complication of acute asphyxia in full-term babies is necro-
tizing enterocolitis,” often presenting within hours of
delivery. This may be very extensive and lead to the early
demmnise of the infant.

{t is well established that necnatal asphyxia in the preterm
baby worsens respiratory distress syndrome (RDS).'® In
addition, severe asphyxia can cause extensive damage to
the alveolar epithelium and the underlying capillary bed,
leading to acute respiratory distress syndrome {ARDS)
(p. 396). Perinatal asphyxia is also associated with an
increased incidence of pulmonary hemorrhage,> probably
due to a combination of capillary damage and poor left
ventricular function. Ischemic insult at the time of birth
also inhibits the process whereby the pulmonary artery
pressure falls, leading to persistent pulmonary hyper-
tension of the newborn (Chapter 26).

Metabolic effects

Neonatal hypoxic insults interfere with the baby's ability
to metabolize brown adipose tissue so that hypothermia
is likely to occur unless the baby is nursed in an appro-
priately warm environment.'”' Both asphyxia and cold
stress can produce hypoglycemia, which may compound
any cerebral damage that is occurring. Although the liver is
relatively resistant to hypoxic damage, clotting factor defi-
ciencies are common and respond poorly to vitamin K.
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RESUSCITATION FACILITIES FOR USE IN
THE LABOR SUITE

Thus, although the unstressed neonate is relatively resistant
to hypoxic damage, the first priority in the provision of
neonatal care must be to ensure that adequate resuscitation
facilities are available for all deliveries and that deliveries
likely to be associated with severe hypoxia are attended
by staff capable of providing the full range of advanced life
support techniques.

Facilities for neonatal resuscitation are most easily
provided by a commercially available resuscitation trolley.
The component parts (Table 14.1) are as follows:

* A cushioned shelf on which to lie the baby. This 15 usu-
ally tiltable. There is no evidence to suggest that babies
have any respiratory advantage nursed head down
compared to flat.* It is, however, most important that
the personnel who use the resuscitation system are
comfortable.

» An overhead radiant heat source with an output of
approximately 300 W and designed to perform within
the performance regulations specified by the relevant
International Standards, that is the maximum trradi-
ance level at any point on the mattress does not exceed
100 mW/cm? in the total infrared spectrum. Although
overhead radiant heaters can often be used both in
standard and servo-control mode, only the standard
mode is suitable for neonatal resuscitation. In addi-
tion to the overhead radiant heater, there should be

Tahle 14.1 Resuscitation equipment

Padded shelffresuscitation trolley

Tawels

Overhead heater

Cverhead light oxygen supply

wallfcylinder oxygen supply

Clock {second/minute)

Stethoscope

Airway pressure manometer and pressure relief valve
Face mask

Oropharyngeal airways 00+0

Bag {500 ml} and mask or T-piece face mask system
T-piece device for endotracheal tubes if not integral
Suction catheters {sized 5, 8, 10 FG)

Variable suction source 100-200 mmHg

Mechanical and/or manual suction with double trap
Two laryngoscopes with spare blades

Endotracheal tubes 2, 2.5, 3, 3.5 and 4 mm
Introducer for endotracheal tubes

Umbilical artery/vein catheterization set

2, 10 and 28 ml syringes with needles

Cord clamps

ECG and transcutaneous oxygen saturation monitor

Mote: capnometers are a strongly recommended optional extra.
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protective sides to the resuscitation platform to reduce
convective and evaporative water losses.

A stop clock. This should record minutes and seconds.
Some systems include preset alarms to provide an
audible indication of the passage of time.

Gas supplies. Standard resuscitation trolleys have two
oxygen inputs which can be operated either from a wall
supply or from cylinders stored on the back of the trol-
ley. One output which incorporates a relatively high
pressure relief valve {40-50 cmH, 0} provides an oxy-
gen supply either to a soft funnel or loosely fitting face
mask designed so that pressure cannot accumulate,
This oxygen supply can also be used to raise the oxygen
concentration within bag and mask systems. The
second oxygen output has a variable pressure control,
usually set at 25-30cmH,O. This output is used for
face mask T-piece or T-piece endotracheal resuscita-
tion. Both oxygen outlets require flow meters which
can deliver up to 10/min. Anxieties about possible
darmage from the generation of oxygen free radicals in
the reperfusion period and evidence that most term
babies can be resuscitated using room air” (p. 139)
has led to a consumer demand for gas-ixing facilities
so that the oxygen concentration used for resuscitation
can be limited to clinical requirements. If piped
compressed air is not available in the labor suite,
compressed air cylinders will be required.

Suction system. This is either provided by connection
to a wall source or from a Venturi system mounted on
the trolley. This will provide suction for the upper air-
way (FG 8 and 10) and to clear an endotracheal tube
{sized 2 or 3 FG). For routine use, the pressure should
be limited to 100 mmMg, but it should be possible to
increase to 200mmHg for clearing thick secretions
from the upper airway.

Face mask resuscitation system. If a self-filling bag and
mask system is selected, this should have a volume of at
least 500 mi {see below). Ideally the face inask should be
round with a pneumatic rim in order to obtain the
optimum face seal.®® Some neonatologists prefer an
anesthetic rebreathing bag and mask systern in which
the escape vent from the bag is controlled by the physi-
cian’s fourth and fifth fingers while squeezing the bag
with the other fingers.'"! Alternatively, a simple T-piece
connector can be attached to the face inask, a system
which requires very little training and leaves one hand
free (see below).%? This systern must be attached to the
oxygen output with the variable pressure control.

A selection of appropriately sized oropharyngeal air-
ways, sizes 00 and 000,

At least two laryngoscopes. Most neonatologists prefer
the straight-bladed varieties such as the Wisconsin,
Magill or the Oxford Infant type.

A selection of endotracheal tubes and connectors for
use either with resuscitation bags or T-piece systems.
Most neonatologists find oral tubes easier to pass in
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Figure 14.1 Laryngeo! mask.

Table 14.2 Drugs which should be available on the
resuscitation trolley

Sodium bicarbonate 4.2 percent or 8.4 percent, 10ml
ampouies

THAM 7 percent, 10 ml ampoules

Normal saline, 10 ml ampoules

Dextrose 16 percent, 10 mi ampoules

Naloxone 0.04 mg/ml, 2 mi ampoules

Vitamin K, 1 mg ampoule

Epinephrine 1in 10000, 5ml ampoules

Also immediately available
Normal saline, 100 ml bottles
O-negative blood

the emergency situation. In very small babies, how-
ever, the laryngoscope blade and oral tube may block
the view of the larynx. The shouldered tubes have the
advantage that they are stiffer and therefore easier to
pass. Introducers are often used to facilitate intuba-
tion. If nasoendotracheal intubation is preferred, it is
necessary to ensure that there are at least two Magill
forceps on the trolley. Laryngeal mask airways should
be available for use when endotracheal intubation has
failed. These are passed ‘blind’ and form a seal around
the entrance to the larynx (Figure 14.1).

+ Additional itemns include nasogastric tubes size 6 and 8,
syringes, needles, specimen bottles, Intravenous can-
nulae, and intraossecus needles,*® adhesive tape, scissors
and a stethoscope.

¢ Surgical packs. Packs should be available for immediate
cannulation of the umbilical vessels and also for the
draining of pneumothorax.

+ Two additional facilities useful for all but the briefest
of resuscitation are ECG and saturation monitoring
devices.

* Certain drugs should be immediately available on the
trolley (Table 14.2),

LABOR WARD MANAGEMENT OF
TERM BABIES

It has been estimated that approximately 70 percent of
infants requiring some resuscitation can be identified
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Table 14.3 High-risk deliveries

Type of delivery

High forceps

Yeniouse

Cesarean section under
general anesthetic

Fetal conditions

Fetal distress

Reduced fetal movement
Abnormal presentation
Prolapsed cord
Meconium staining

of liguor

Multipie pregnancy
Pre-term {<34 weeks}

Post-term (=44 weeks)

Smali for dates

Rhesus isoimmunization

Hydramnios and
otigohydramnios

Abnormal baby

Moternal conditions

Antepartum hemorrhage

Severe pregnancy-
induced hypertension

Heavy sedation

Drug addiction

Diabetes mellitus

Chronic illness

Table 14.4 Apgar score

Score
Clinical failure 0 1 2
Heart 0 <100 =100
Respiration Absent  Gaspingor  Regular
irregular

Muscle tone Limp Diminished Normal
Response to

pharyngeal catheter Nil Grimace Cough
Colour of trunk White Blue Pink

prior to delivery.**¥79! This identifiable group involves up
to 40 percent of all deliveries (Table 14.3). The remaining
30 percent of infants requiring intubation are totally unex-
pected, underlying the importance of ensuring there is at
least one person available capable of providing basic
resuscitation to the baby at all deliveries, while a second
person skilled in advanced resuscitation can be summoned
within 5-10 minutes, In total, approximately 10 percent
of all infants are given some form of resuscitation
and approximately 2 percent require intubation.!”%33
Approximately 1 percent of infants born at term will
require intubation; this figure rises to more than 60 per-
cent for babies born at less than 28 weeks of gestation.

Assessment at hirth

The initial stage of assessment is, while drying excess water
off the baby, to look very briefly for gross congenital abnor-
malities as their presence may influence the resuscitation
steps to be taken.

THE APGAR SCORE

Although the Apgar score” is routinely used fo assess the
overall condition of the baby at 1 and 5 minutes (Table
14.4), its main role is to identify those infants who are at
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risk of developing long-term neurological problems.®!
The components of the Apgar score which will influence
whether active resuscitation is to be undertaken are the
baby’s color, respiratory activity and heart rate. Cord blood
gas measurements are also often carried out, but the
results of these will not be available for several minutes
and so are not very useful in the acute management of
the infant, but, like the Apgar score, provide useful prog-
nostic information which may influence the subsequent
management of the infant. There are also some data indi-
cating that the absence of a metabolic acidosis with peri-
natal asphyxia may be indicative of a failure of adaptation
to the hypoxia and be associated with a worse outcome,*

The procedure to be followed once it is recognized
that the newly born infant is failiug to breathe sponta-
neously and adequately, has to a considerable extent been
standardized by the consensus statement of the Interna-
tional Liaison Committee on Resuscitation (ILCOR) and
American Heart Association/American Academy of
Pediatrics (AHA/AAP) which published their guidelines
in 2000.% These recommendations have been adopted by
most developed countries, The working party identified
that few resuscitation interventions had been subjected
to randomized controlled trials, There have, however, been
a number of small physiological studies on the effects of
these inferventions. The vast majority of infants will
commence spontaneous respiration with a median time
of less than 10 seconds.’ At 1 minute, however, approx-
imately 10 percent of infants will have failed to establish
regular respiration.'” In this latter group of patients who
have a heart rate in excess of 80 bpm, the first step is to
provide facial oxygen which probably acts by providing a
cold stimulus to the face, and also to apply a tactile stim-
ulation, for exainple, flicking the feet. If there is blood or
debris around the baby’s mouth, this can be sucked out.
Routine oropharyngeal suction is not recommended and
can, if applied too vigorously, inhibit the onset of respi-
ratory effort.

Face mask resuscitation

If the infant fails to show an immediate response, but
still has a heart rate in excess of 80bpm, face mask
resuscitation should be commenced. There are three
possible approaches.

BAG AND MASK

There are a number of commercially available bag and
mask systems. These comprise a face mask, a pressure-
limiting device which may be either a spring-loaded valve
or a leak systern and a self-inflating bag to which oxygen
can be added. Studies have shown that a round face mask
with 2 pneumatic lip provides the optimal seal.’ Most of
the pressure-limiting devices can be overridden; for exam-
ple, it is usually possible to hold the spring-loaded valve

closed with the tip of a finger to prevent leak from the
systern, When occluded in this way, it is possible to generate
pressures up to 50-60 cnH,O,' % although in routine prac-
tice, a leak between the face and the mask usually limits
the pressure to between 30 and 35 cmH,O.

The volume of the self-inflating bag is of considerable
importance. Studies on term babies have shown that the
250 ml bag devices rarely deliver tidal volurnes in excess
of the infant’s anatomical dead space to babies requiring
resuscitation at birth, with a mean of only 5.5 ml for the
neonatal Laerdal.*®!'® Values at least twice that, however,
were achieved using the pediatric Laerdal and the Ambu
baby, which have reservoir volumes of 500 ml. The main
reason for the failure of the neonatal device is that air
escaped rapidly through the pressure-relief valve so that
peak pressures tended to be lower and were maintained
for less than 0.5 seconds. Although the inspiratory time is
similar to that generated by babies commencing to breathe
spontaneously at birth,'” the product of pressure and
inspiratory time is of critical importance and with 250 ml
bag and mask systems is too low to produce an adequate
tidal exchange. Satisfactory outcome from bag and mask
resuscitation then depends on stimulating Head’s para-
doxical reflex in infants who have not suffered from severe
asphyxia and who might well have cornmenced to breathe
regularly without excessive interference (p. 43).3

If these systems are to be used effectively, it is essential
to use one hand to support the chin and hold the face
mask in place, while squeezing the bag between the fingers
of the other hand at approximately 60/min.

One anxiety frequently expressed in the past was that
the opening pressure of the esophagus might be lower than
the pressure necessary to produce alveolar inflation. This
could potentially lead to a situation in which a large gastric
air bubble was created, splinting the diaphragm and
impeding further atternpts at resuscitation. A study, how-
ever,'’® measuring both the amount of pressure trans-
mitted down the esophagus and also the volume of air in
the stomach at the end of bag and mask resuscitation
showed that this was not a problem when performing
resuscitation at birth. It is obviously, however, of consid-
erable clinical significance when resuscitating infants in
the neonatal unit and beyond. The main reason for the
difference appears to be that infants do not swallow until
after the onset of spontaneous ventilation, a fact well
documented by studying the onset of respiration.82100:117

ANESTHETIC REBREATHING FACE MASK SYSTEM

An alternative to the bag and mask is to attach an anes-
thetic rebreathing bag attached to a round face mask and
incorporate a spring-loaded blow-off valve between the
rebreathing bag and the mask. Another approach is to
control the leak from an open rebreathing bag by holding
the escape tube between the fourth and fifth fingers while
squeezing the bag between the thumb and the second
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and third fingers. This system will only be effective if there
is a flow of gas of at least 6, and preferably, 101/min into
the system to keep the anesthetic rebreathing bag dis-
tended. The system has the advantage that both the length
of inspiration and the inspiratory pressure can be varied
on a breath-to-breath basis while observing the movemnent
of the chest wall. This technique does, however, require a
considerable amount of training and again requires the
use of both hands.

FACE MASK T-PIECE SYSTEM

An easier technique has been to use a round face mask with
a pneumatic rim to which a T-piece device is attached.*
This is connected to the pressure limited oxygen outlet
on the resuscitation trolley. Al that is then required is for
the face mask to be lowered on to the baby’s face while
held between the thuinb and third finger, while the egress
of gas from the T-piece is occluded intermittently by the
tip of the index finger. The advantages of this system are
first, that this technique is very easy to use, requiring the
minimum of training. Second, the length of the inspiratory
time can be controlled so that, for the first few breaths,
inspiration can be maintained for at least a second. One
study has shown that this allows a significantly greater tidal
exchange to occur even in babies with unexpanded lungs,
similar to that achieved by standard endotracheal venti-
lation.®? The third advantage is that only one hand is
required so that the other hand can be used to listen to the
chest with a stethoscope. This technique is now incorpo-
rated into a number of commercially available resuscita-
tion systems, or as an add-on device (e.g. Neopuff}.

Endotracheal intubation and ventilation

Although face mask resuscitation provides an excellent
method for ensuring the onset of regular respiration in
infants who are slow to breathe but have not suffered severe
acute/chronic asphyxia, at least | percent of infants are
unlikely to survive unless intubation and ventilation is
commenced. This group comprises infants in whom face
mask ventilation has failed to produce an improvement
in saturation, or respiratory efforts within 15-30 seconds
and those in whom the heart rate is either below 60bpm
at birth or falls, despite basic resuscitation.

Although the nasal route can be used for intubation
in the labor suite, most neonatologists find orotracheal
intubation easier and faster. For intubation the infant
should be placed so that the head is close to the front of
the resuscitation platform. It is important to have the head
in the same plane as the body. The neck should be shightly
extended and not twisted to either side. The laryngoscope
is held in the left hand and passed over the center of the
tongue, inserting it deeper into the infant’s throat until
the epigloitis comes into view. If the blade is then placed

over the epiglottis and shightly lifted, the vocal cords will
come into view. If the baby is not hypotonic, the larynx
may be held in an anterior position, making good visual-
ization difficult. Under these circumstances the entrance
to the larynx can be brought into view by pressing gently
over the cricoid cartilage either with the fourth finger of
the hand helding the laryngoscope, or with the help of an
assistant. Sometimes in the rush to intubate, the blade of
the laryngoscope is pushed too far so that the esophagus
is entered. Under these circumstances the best approach
is to slowly withdraw the blade. The larynx should then
fall into view as the blade passes out of the esophagus. It
is important, when passing the laryngoscope blade, to keep
to the midline. This will not only aid visualization, but
will also help ensure that the endotracheal tube is correctly
passed.

During this process it is often necessary to suck out the
upper airway in order to get a good view of the vocal cords.
Once these have been visualized, the endotracheal tube
can be passed. The optimal device is probably the shoul-
dered oral endotracheal tube with integral T-piece as this
is relatively stiff. Although not essential, introducers are a
useful aid as they increase the stiffness further. Providing
too small a tube has not been selected, the shoulder will
usually ensure that the tube is not inserted too far. Alter-
natively, straiglit tubes can be used but it will then be
necessary to resort to an introducer. This has the disad-
vantage that unless great care is taken to ensure that the
introducer does not protrude out of the end of the endo-
tracheal tube, tracheal perforation can occur, The policy
is to use the largest tube that will fit comfortably down the
trachea, that is a 3.5 min tube for a full-term infant and a
3mm for infants of birth weights of 1200-1500g. For
sinaller infants it is often necessary to resort to 2.5 mm or
even 2mm tubes. It is, however, extremely difficult to
maintain the patency of a 2 min tube during subsequent
ventilation. Once the endotracheal tube has been placed,
the laryngoscope can be removed. Care must be taken to
held the tube firmly between the finger and thumb to
ensure that it is not displaced from the trachea.

An alternative method of intubation, first demon-
strated in adults by Vesalius in 1543 and in neonates by
J Blundell in 1838,” is finger intubation. In this tech-
nique the index finger is passed along the tongue until
the epiglottis is felt, the endotracheal tube is then
advanced like a pencil held between the index finger and
thumb of the other hand, using the other index finger as
a guide. This was assessed in 37 infants requiring ventila-
tion in the neonatal period and found to be always asso-
ciated with successful intubation after a mean time of
7 seconds.”!

Intubation can be particularly difficult in infants with
congenital abnormalities of the upper airway. For these and
for situations where the available staft have limited intuba-
tion skills, laryngeal masks should be available. These are
passed blind, i.e. without the use of a laryngoscope.
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OXYGEN CONCENTRATIONS

The current recommendation is that 100 percent oxygen
should be used but that if this is not available positive
pressure ventilation should be commenced using rcom
air. This recommendation may well change as the results
of more controlled trials become available. The reason
for this is that there is increasing anxiety that at least some
of the long-term neurological damage foliowing birth
asphyxia is caused by the toxic effects of oxygen free rad-
icals generated particularly during the reperfusion period.
Animal experiments have shown that asphyxiated new-
born piglets respond as rapidly to resuscitation with air
as with 100 percent oxygen®” and with similar brain pathol-
ogy at postmortem. A further study on piglets rendered
hypoxic by induced pneumothoraces had a similar out-
come except that the piglets receiving air had better neu-
rological examination scores subsequently.'® Three
randomized controlled studies on newborn infants have
been published. The first, carried out in India on 84 infants
requiring resuscitation at birth, revealed no outcome dif-
ference between those receiving oxygen and those air.”?
Some of the infants in the air group were, however, given
100 percent oxygen as they were still cyanosed at 90 sec-
onds, The second larger international study invoived 609
infants.” In this study, the only significant outcome dif-
ferences were that the onset of spontaneous breathing
and of crying were significantly delayed in the infants
receiving 100 percent. The failure rate, that is, persistence
of cyanosis at 90 seconds, was similar in the two groups.
This delay in the onset of spontanecus breathing was aiso
found in the third randomized study from Spain.!'® This
group also found evidence of persisting oxidative stress
at 28 days in the oxygen-treated infants with higher eryth-
rocyte superpxide dismutase and catalase levels. Inter-
estingly, the respiratory depressant effect of 100 percent
oxygen has been well documented in animal experiments®
and to a lesser extent in healthy newborn infants.’

The current consensus is that air is probably as good
as 100 percent oxygen for most asphyxiated term infants.
It is likely that some infants will require supplementary
oxygen, possibly an inspired oxygen concentration of
30 or 40 percent. There is no evidence that air reduces
neurological damage in infants, although the number of
infants studied is relatively sinall so that any benefit could
be hidden by a type Il error. This problem can only be over-
come by a very large multicenter study involving thousands
of asphyxiated infants.

Ventilatory support

Once the endotracheal tube has been passed, the lungs
can be inflated using one of four techniques. These
are: intermittent positive pressure using a T-piece and
blow-off valve (T-piece/IPPV); self-inflating resuscita-
tion bag with pre-set pressure control, ventilation using

an anesthetic rebreathing bag or by connecting to =
commercial infant ventilator.

T-PIECE/IPPY

This is achieved by either using an endotracheal tube
which incorporates a T-plece or alternatively attaching a
separate T-piece device, Oxygen is fed to the T-piece via
tubing which incorporates a pressure-limiting device, usu-
ally in the form of a spring-loaded valve. A cheap alter-
native is to have a water column. The latter has two main
disadvantages: first, unless the water is changed frequently
there is a considerable risk of infection with organisms
such as Pseudomonas and, second, water within the tube
has an inertial effect so that high inflation pressures will
initially be achieved.”” These, however, are of short dura-
tion and are probably not important, If high flow rates
are used, turbulence occurs at the lower end of the tube,
where air escapes into the surrounding water and may
generate higher pressures than anticipated.

Although infants often generate negative pressures in
excess of 50 cmH,0 in association with the fwst breath,
an upper limit of 30 cmH,O for positive pressure resusci-
tation has been justified on the grounds that pressures
in excess of this would be more likely to result in a pnen-
mothorax. Data to substantiate this are very limited;
Rosen and Laurence™ subjected isolated newborn lungs
to increasing pressure until they ruptured. This cormmonly
occurred when pressures of 60 cmH,Q were exceeded,
but was rare at pressures below 35 cmH,O. It is, however,
an artificial situation as overdistention and rupture of
lung units is more likely to occur in the isolated lung than
in the intact respiratory system. Nevertheless, some new-
born babies do not require pressures in excess of 20 cmH,O
for the first breath and considerably lower pressures for
subsequent lung inflation.

The current reconunendations for the resuscitation of
term infants are that an inflation pressure of 25-30 cinH,O
should be used and that the infants should be ventilated
at a rate of approximately 30/min with an I:E ratio of 1:1.
Studies, however, have shown that this pattern of inflation
rarely produces an inspiratory volume of greater than
20 10l {that is, half of that achieved by infants commencing
to breathe spontanecusly)'' and that a functional residual
capacity (FRC) is rarely formed. A more effective approach
is to maintain the first inflation for at least 3 seconds
(Figure 14.2). This has been shown to achieve tidal
exchange similar to that seen in the spontaneously breath-
ing infant and leads to the formation of an FRC within
the first one to two breaths.'™ Subsequently, infants can
be ventilated satisfactorily using a rate of 30/min and 1:1
I:E ratio, There have, however, been no controlled studies
carried out to establish whether the early formation of an
FRC alters outcome.

Although this provides a simple approach to resusci-
tation, it is obviously far from physiological. Studies on
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Figure 14.2 The effect of prolonging the first inflation on inspiratory vafume and FRC. Gas continues to enter the lungs for

4 seconds.

babies breathing spontaneously have shown that some
can inflate their lungs with pressures as low as 20 cmH,0O
while others generate pressures in excess of 80cmH,0.
Hull® found that if full-term infants are resuscitated using
a constant volurme (40 ml), a similar pattern emerges, some
infants’ lungs expanding satisfactorily with airway pres-
sures of less than 20 cmH,0 whereas others required in
excess of 40 anH,0.

SELF-INFLATING BAG

In many units resuscitation is achieved by connecting
a self-inflating resuscitation bag to the endotracheal tube.
As already stated, these bags tend to empty relatively rap-
idly through the pressure-relief valve, so that it is normal
to squeeze the bag between the thumb and second and
third fingers at a rate of approximately 60/min. Under
these circumstances, pressures of 20-25 cmH,O will usu-
ally be generated.®® Much higher pressures in excess of
60cmH;0 can be produced if the blow-off valve is
occluded.”® There are currently no data on the volumes
delivered to babies during this form of resuscitation. The
relatively high ventilatory rates often used may well lead
to a degree of air trapping which may be of advantage in
the formation of the initial FRC.

ANESTHETIC REBREATHING BAG

This is the pattern of resuscitation favored by anesthetists
in which the leak from the bag is coutrolled by squeezing
the egress between the fourth and fifth fingers. A relatively
high flow of gas is required to keep the bag distended.
Some systems do incorporate a pressure relief valve in
addition. One study has shown that if the bag is squeezed
sufficiently to produce visible chest wall movements, the
pressures generated will be in the region of 50 cmH,0 but
sustained for less than 0.5 second.'"! This pattern is very

similar to that generated by infants who commence to
breathe spontaneously at birth.!'” Although this would
seemn to be the most physiological approach, it does
require a considerable degree of skill and currently there
are no controlled studies to show that one form of resus-
citation is better than any other.

Complications of intubation and IPPY
resuscitation

The cominonest complication leading to ineffectual resus-
citation is positioning the endotracheal tube within the
esophagus. It should be possible to detect this immedi-
ately as part of the resuscitation process involves listening
io both sides of the chest with a stethoscope irmmediately
after commencing ventilation. If there is no air entry,
despite reasonable inflation pressures, it is very likely that
the endotracheal tube is misplaced and intubation should
be repeated.

It is claimed that the use of in-line end tidal carbon
dioxide detectors helps identify esophageal intubation
more rapidly. In one study malposition was detected in
a mean of 8.1 seconds (sD * 2.0 seconds) compared to
39.7 seconds (s * 15.3 seconds) by clinical evaluation.
However, in 10 percent of the infants who had been cor-
rectly intubated, no CO,; was detected due to inadequate
lung perfusion.*

Positioning the endotracheal tube down the esophagus
has three other complications. These are esophageal or
hypopharyngeal perforation,**'!® which can lead to
mediastinitis, perforation of the stomach and loss of the
endotracheal tube down the esophagus.'” These compli-
cations can prove fatal.

Tracheal perforation is usually associated with the use
of introducers, but has been reported in their absence. This
can lead to a massive mediastinal air leak, which has proved
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fatal on occasions. Ruptured stornach has also occurred
as a complication of resuscitating babies with tracheo-
esophageal fistulae.

A common problem, often experienced by those who
are relatively inexperienced and select too narrow a tube,
is selective intubation of the bronchi to the right middie
and lower lobe. This will produce differential air entry on
auscuitation, If suspected, the stethoscope should be placed
over the left lung and the endotracheal tube slowly with-
drawn 1-2 ¢cmH,0 while continuing to ventilate the baby.
If the diagnosis is correct, air entry will spread to the left
chest and the infant’s condition will improve draimatically.

There are three other conditions which can produce
differential air entry. The first is pneumothorax, which is
said to occur in 1-2 percent of all infants breathing spon-
taneously (Chapter 22}. Symptomatic pneumothoraces,
which are usually of the tension variety even amongst
infants requiring resuscitation, are relatively rare, If pos-
sible, the presence of a pneumothorax should be confirmed
using either a cold light source or chest radiograph, but if
the infant’s condition is sufficiently critical, needling is an
acceptable approach proceeding to insertion of a drain if
free air is found {p. 418). An alternative diagnosis, which
can also produce differential air entry, is diaphragmatic
hernia. This is sometimes, but not always, associated with
a scaphoid abdomen and can mimic the signs of a pneu-
mothorax with displacement of the mediastinum although
the side with reduced air entry will normally be dull to
percussion due to the presence of the fluid-filled bowel.
This picture can also be mirmicked by cystic adenomatoid
malformation (p. 466}, Differential air entry with poor
response to resuscitation is also seen in the presence of a
pleural effusion. Pleural effusions may be bilateral {p. 355)
and are then often associated with ascites, which can fur-
ther limit the response to resuscitation due to splinting of
the diaphragm. Diagnosis should obviously be suspected
in any baby who has hydrops.*® It may then be necessary
to drain off both some of the pleural fluid and the ascitic
fluid before adequate tidal exchange can be achieved.

External cardiac massage

This should be cornmenced in all infants in whom the
heart rate is below 60 bpm and who do not improve within
30 seconds of the onset of adequate ventilatory support.
This is best achieved by placing both hands round the
chest so that the thumbs are over the lower part of
the sternum and the fingertips close to the spine.?>* The
sternum is then depressed by one-third of the diameter
of the chest, which represents a depression of approxi-
mately 2 cm, at a rate of 100-120/min.?! This form of
cardiac massage is only possible if a second assistant is
available to provide respiratory support. Alternatively, it
is possible for a single person to provide both respiratory
and cardiac support if external cardiac iassage is provided

by depressing the sternum by the tips of the second and
third finger. This, however, has been shown to be a less
effective method for maintaining cardiac output.?! A ratio
of three compressions to one ventilation, with a rate of
120 ‘events’ per minute, providing approximately 90 com-
pressions per minute, is now recommended.”? The pulse
rate should be checked periodically, preferably the brachial
or femoral and chest comipressions discontinued once the
heart rate exceeds 80 bpm,

Medication

If the baby’s heart rate fails to improve on commencing
external cardiac massage, 0.1-0.3 ml/kg of 1:10000 epi-
nephrine {adrenaline) can be injected down the endotra-
cheal tube.”"®* Although the blood supply through the
lungs must be very small at this stage, this maneuver can
lead to a rapid increase in heart rate or indeed return of
the heart beat after a period of cardiac arrest, This dose
may be revised as evidence from adults and stable infants
have indicated that the endotracheal dose needs to be at
least ten times the intravenous dose to have achieved the
same seruin levels.”" This may, however, result in a large
reservoir of epinephrine in the lungs whicb could produce
a sustained and unwanted hypertension.'"

If the endotracheal epinephrine fails to produce a
response, the umbilical vein should be catheterized and
a further dose of epinephrine (0.1-0.3 mi/kg of 1:10000
strength) given by that route, The infraosseous route can
be used as an alternative.® Inevitably, however, the baby
will be severely acidotic by this stage and response to epi-
nephrine inay be poor ot non-existent unless some attempt
is inade to correct this acidosis. This can be achieved by
giving sodium bicarbonate but there are now concerns
that this may not be in the infant’s best interest. The
induced metabolic alkalosis will result in a left shift of the
oxygen dissociation curve, reducing the delivery of oxy-
gen to the tissues. The CO, generated may diffuse rapidly
across cell membranes in sitnations wbere the circulation
is sluggish, leading to greater intracellular acidosis.”” There
is also some evidence that giving bicarbonate reduces cere-
bral blood flow,*® and the large osmotic load may lead to
intracranial hemorrhages in preterm infants if given too
rapidly.!* There are no randomized studies on the efficacy
of bicarbenate in infants but in adults the use of bicar-
bonate during resuscitation has been abandoned as a result
of studies showing either no benefit or higher mortality
rates.*>7® It is, however, worth stressing that in adults
resuscitation is required for a primary cardiac arrest,
while in newborn infants the arrest is secondary to hypoxia
and acidosis.

The current recommmendation is that bicarbonate
should be restricted to those with prelonged arrest
and in a dose of 1-2 mEq/kg of a 0.5mEq/ml solution
and given over at least 2 minutes.® Alternatively,
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tris-(hydroxymethyl)aminomethane {THAM} can be given.
The main disadvantage of THAM is that it tends to sup-
press respiration and so may prolong the time to the
onset of spontaneous respiration. Again, there are no
controlled trials to support this approach.

NALOXONE

Naloxone is an opiate antagonist but, unlike its predecessor
nalorphine, does not produce any respiratory depression.
Nevertheless, the administration of naloxone should not
be given until the infant is receiving adequate ventila-
tory support and then only if there is a good reason for
assumning that the infant’s respiratory depression has
resulted from maternal opiate administration. The normal
approach is to give 0.1 mg/kg intravenously or via the
endotracheal tube.®> The intramuscular route leads to
a slower response. A further dose of 0.1 mg/kg may be
required. This should not be given to the newborns of
opiate-addicted mothers as it can then precipitate acute
withdrawal symptoms.**

PLASMA EXPANDERS

Volume expanders are indicated if there is hypovolemia.
The most likely cause is acute bleeding from the feto-
maternal unit; this is suggested by pallot, which persists
after oxygenation. The first-line volume expanders rec-
ommended are isotonic saline or Ringer’s solution as there
is evidence that saline is more effective than albumin®
and that administration of albumin adversely affects out-
come if given in the neonatal period.’” Group O Rhesus
negative blood is preferable if the hypotension is due to
massive blood logs. The guidelines recommend that
10 ml/kg body weight should be given over 5-10 minutes
and the response assessed.®

PHYSIOLOGICAL RESPONSE TO
RESUSCITATION

The now classical studies of Dawes?® on the response of
newborn higher mammals to acute total asphyxia pre-
dicted that two types of response to resuscitation at birth
would occur in the human necnate, Either the resuscitation
would stimulate the onset of respiration so that sponta-
neous respiratory efforts occurred before the infant
became pink, indicating that the infant was in primary
apnea or, alternatively, the infant would make no response
until intensive resuscitation had led fo an improvement
in both the infant’s color and cardiac output, indicating
that the infant was in secondary or terminal apnea. In
practice, although the latter situation can certainly be
seen in infants who have suffered severe asphyxia, the pat-
tern of responses are very variable, suggesting that there is
a continuum of asphyxia rather than a two-phase response.
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The reason for this deviation from the animal model is
almost certainly because the newborn at birth bas usually
suffered from subacute or chronic asphyxia rather than
acute total asphyxia after delivery.

Three patterns of response were seen in association
with the onset of resuscitation in a study confined to fuil-
termn babies fulfilling the requirements for intubation
immediately after birth.'? In 24 percent of the inflations,
the infant remained apneic, not making any respiratory
efforts as determined by the esophageal pressure moni-
toring device. On a further 27 percent of inflations, the
infant was stimulated to make an inspiratory effort of their
own, a pattern first documented by Hering and Breuer,*
but defined more closely by Head in 1889 (p. 43).> This
is obviously a very appropriate response, leading to a sig-
nificant tidal exchange and often followed by the formation
of an FRC. This reflex probably explains the successful
outcome after face mask resuscitation using conventional
systemns which, as already discussed,*® rarely produce suf-
ficient tidal exchange to clear the dead space when the
baby remains apneic. The third pattern was that of active
expiration with pressures of 70cmH,O often being
generated within the thorax and also present within the
stomach due to contraction of the abdominal muscles
(Figure 14.3}. The pressures are often sufficiently large to
prevent or at least greatly reduce the tidal volume. This
response was commonly seen at the onset of resuscitation
and on occasions followed by a period of apnea before
the infant commenced with Head’s paradoxical reflex
responses. Although an FRC was sometimes formed as
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Figure 14.3 Measurement of inflation, intragastric and
intraesophageal pressures and tidal volume during
resuscitation. The third inflation is associated with a Head’s
paradoxical reflex and the subseguent two breaths by active
expiration {this is apparent on both the esophageal and
intragastric traces).
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the result of passive ventilation, aeration more frequently
accompanied the onset of respiratory efforts,

Pulmonary gas exchange has been measured during
resuscitation of asphyxiated infants. Hull was able to mea-
sure oxygen consumption.%* He found values as high as
11 mikg body weight over the first 2 minutes, but his
technique was unable to differentiate between oxygen
uptake in the blood and the volume that was being used
to form the initial FRC. Palme-Kilander and Tunnell have
measured the pulmonary gas exchange over 15-second
intervals from the onset of resuscitation at birth.*® In
the majority of infants little or no carbon dioxide was
detectable in the expired gases until the babies made their
first inspiratory effort. This was particularly a feature of
infants born very preterm and probably represents a
failure of pulmonary vasodilatation to occur until the
infants had made at least one inspiratory effort. This
finding is of considerable interest and warrants further
investigation.

Meconium aspiration syndrome (p. 334)

Meconium is present in the amniotic fluid of 12-15 per-
cent of all babies at birth {(Chapter 23). It is rare before
37 weeks but present in 30-50 percent of those in labor
after 42 weeks.'™ In some infants, the passage of mecon-
ium is secondary te a hypoxic stress, in others it can be a
physiological event associated with gastrointestinal matur-
ation. Often the meconium staining is relatively thin and
may have been present for some time. Only approxi-
mately 5 percent of those born through meconium will
develop meconiuin aspiration syndrome {MAS).!?

Amnioinfusion, which dilutes the meconium and may
relieve pressure on the umbilical cord, can reduce the fre-
quency of MAS,* but can lead to obstetric complications
and so is still considered to be an experimental technique.

it has been claimed that the incidence of this condition
can be significantly reduced by appropriate management
in the labor suite {Chapter 23). As already stated, ali labors
complicated by the presence of thick meconium should
be attended by a pediatrician skilled in intubation. The
recommendation has been that the upper airway should
be sucked out as soon as the head presents. This was based
on an observational study using historical controls,'® A
more recent prospective observational study found that
upper airway suction on the perineumn had no effect on
the incidence of MAS and was associated with an increased
incidence of air leak.>* Whether this form of intervention
is useful is currently unclear.

It has also been recommended that direct laryngoscopy
is carried out as soon as the infant is born. If 1neconium
was visible below the larynx, the infant should immediately
be intubated and as much meconium as possible sucked
out.**V7 This is best carried out by connecting the endo-
tracheal tube to a suction source, occluding the opening

and withdrawing the endotracheal tube. It may then be
necessary to re-intubate the child and repeat the process
until either no further meconium is recovered or the heart
rate drops down to below 80 bpm. This approach was again
based on observational studies using historical controls
and was applied to all infants born through thick meco-
nium. However, Linder and colleagues randomized other-
wise healthy meconium-contaminated infants to either
intubation and suction or conservative management.”®
Nene of the control infants developed MAS compared
to 4 of the 300 intubated children. A recent large multi-
centered randomized trial involving more than 2000 vig-
orous but meconium-stained infants found that the
incidence of MAS was higher in the intubated group
although the differences failed to reach significance,*!

As a result of these findings, the current recommen-
dation is that elective infubation and suction shouid be
reserved for meconium-contaminated infants who have
absent or depressed respiration, a heart rate of less than
100 bpm or poor muscle tone.®

Attemnpts to prevent the baby breathing, by cricoid
pressure, epiglottic blockage or applying chest wall squeeze,
ave not helpful and may be dangerous.”? Chest wall squeeze
will actually stimulate the baby to make inspiratory efforts
as a result of the Hering—Breuer deflationary reflex.’>%

Diaphragmatic hernia (p. 487)

Due to the compressive effect of the presence of abdominal
organs and associated pulmonary hypoplasia, infants with
diaphragmatic hernias are often difficult to resuscitate so
that staff skilled in intubation will need to be present at
the delivery when the condition has been recognized
antenatally. Face mask resuscitation using either T-piece
pressure inflations or bag and mask systems are con-
traindicated as they are likely to lead to further distention
of bowel within the thoracic cavity. These infants should
be paralyzed in the labor suite to prevent swallowing.
High pressures may be needed, sometimes exceeding
40 ¢cnH,O, despite the risk of creating a ppeumnothorax.

Upper airway obstruction and resuscitation

There is a further group of infants who make appropriate
respiratory efforts soon after birth but fail to obtain any
tidal exchange as a result of upper airway obstruction. In
some, for example those with choanal atresia or the Pierre
Robin syndrome, this situation can be rapidiy rermedied by
passing an oropharyngeal airway. There are others who
have major congenital abnormalities, including laryngeal
webs and tracheal atresia, who will obviously fail to
respond to this maneuver. Attempts can be made to achieve
a temporary airway by inserting a wide bore needle directly
into the tracheas, or carrying out a tracheostomy, but these
are usually unsuccessful,
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PRETERM BABIES

It is now well established that limitation of asphyxia at
birth can reduce the incidence of RDS and reduce mor-
tality. One study showed that the mortality was reduced
from 50 to 30 percent (Table 14.5, study A), when all infants
compared to only 3 percent of infants less thau 28 weeks
were intubated in the labor suite.”” In many units it is
standard policy to intubate and ventilate all very immature
babies, for example those less than 28 weeks gestation.
If the distance between the labor suite and the neonatal
unit is considerable this is a reasonable safety precaution.
On the other hand, those babies who do start to breathe
spontaneously immediately after birth and are vigorous,
are likely to be difficult to intubate and will almost certainly
have some degree of hypoxia as a result of the intubation
exercise. For this reason, a policy of selective rather than
elective intubation should be adopted (Table 14.5, study B).

There are, however, very few data available on how
preterm infants should best be resuscitated, Hoskyns ef al.
found that using pressures of 25-30cnH,0 maintained
for up to 1 second using a T-piece endotracheal tube
technique produced poor tidal exchange when compared
to that achieved in full-terim infants requiring resuscitation,
rarely producing a tidal volume in excess of twice the
anatomical dead space.®! That group also examined the
response of preterm infants to resuscitation using an anes-
thetic rebreathing bag approach with inflation pressures
of up to 50 cmH,O.!"" This provided more satisfactory
tidal exchange. There are, however, considerable anxi-
eties that the use of high pressures for the resuscitation of
preterm infants will induce pulmonary interstitial emphy-
sema. More worryingly is the animal-based evidence that
the lung of the preterm mammal is very susceptible to
damage from volutrauma in the first few ininutes of life.
Bjorklund and colleagues found that six inflaticns of
60 cmH, O, each lasting for 5 seconds, given to preterm
lambs before the administration of surfactant resulted in
lower lung compliance for the next 4 hours and worse
lung histology compared to 1natched controls.” In a more
physiological study, the same group gave five sustained
inflations which generated inflation volumes of 8, 16 and
32 ml/kg to preterm lambs.*” They found dose-dependent
lung damage but even those receiving only 8 ml/kg, sim-
ilar to the volume generated by spontaneously breath-
ing term infants, had worse lung mechanics than non-
intubated controls. Giving surfactant immediately before
the inflations had little beneficial effect,%” although the
surfactant was protective if the inflations were delayed
for 15 minutes.>118

Although the fact that these preterm animals were
exposed to high inflation pressures, raising the possibility
that the damage was caused by barotrauma, this is unlikely,
as similar experiments on adult rats and infant rabbits
have shown that the lung injury can be largely eliminated
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Tahle 14.5 Results of selective and elective resuscitation
policies in preterm babies (<30 weeks)*

Selective Elective

Study A

Number 86 €9
Birthweight (kg) 1.025 1.018

Gestation (weeks) 28.5 28.9

Apgar 1 ) 5 5

Survival [percent) 51 77

Intubated at hirth 3 100
{percent)

intubaied at 10 hours 37 100
{percent)

Not intubated (percent) 66 -

8ronchopulmonary 8 14
dysplasia (percent}

Retinopathy of prematurity 12 16
{percent)

Study B

Number 29 26
Birthweight (kg) 1.050 1.170

Gestation {weeks) 28.1 28.2

Apgar 1 5.1 6.6

Survival (percent) 76 76
Intubated at birth {percent) 62 100
Intubated {percent survival} 61 76

Not intubated (percent 82 -
survival)

Mean 12 hour scores 3.32 3.28

Respiratory support 11.5 13.5
thours)

*{a} when only 3 percent of the selective group were intubated”®
and (8) where a more liberal policy was adopted {62 percent)
{Field et a/.%%, unpublished data). In only the first study was there
an excess of mortality associated with the selective policy.

by restricting chest wall expansion with either rubber
bands,? or plaster casts.>® A further anxiety is that the use
of high inflation volumes will result in hypocapnia, which
is known to be causally related to the development of
subsequent brain damage.?*"

One approach has been to commence the resuscitation
of preterm babies with pressures as low as 16 cmH,0 and
then increasing the pressure generated at the endotracheal
tube opening until chest wall movement becomes appar-
ent. Using this approach, a satisfactory shori-term out-
come was achieved with pressures that never exceeded
32 cmH,0.%® What remains unclear is whether even the
use of the lowest effective inflation pressure will prevent
lung damage at birth,

Use of CPAP in resuscitation

Upton and Milner found a close correlation between the
failure to form an FRC during the fArst few inflations and
the subsequent development of the respiratory distress
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Table 14.6 Relationship between the formation of an FRC
during resuscitation of preterm babies and the subsequent
development of RDS™

FRC No FRC
Mild/no RDS 10 3
Severe RDS 2 7, P =002

syndrome (Table 14.6).""" This raises the possibility that
the use of CPAP from the onset of resuscitation might have
beneficial effects. It is also established that CPAP can
conserve surfactant (Chapter 2).

Tt is now possible to provide CPAP using either the
Neopuft-like device or a neonatal ventilator. There are
currenily no published studies on this.

Although more information is required, a pragmatic
approach is to commence face mask resuscitation at 30 sec-
onds, providing the infant’s heart rate is satisfactory, and
to proceed to intubation at 1 minute using inflation pres-
sures of 15-20 cmH,0 but, if necessary, increasing this in
order to obtain visible chest wall movement. The use of
drugs in infants at the extremes of viability, i.e. less than
26 weeks, remains controversial.®?

An alternative approach has been to use nasal cannulae
to inflate the lungs using an initial pressure of 20-25
cmH,0, sustained for 15-20 seconds, and then provide
CPAP, with pressures of 4-6 cmH,O in preterm infants.”
This is very similar to the technique recommended by
Blaikley and Gibberd in 19351 In a study on extremely
low birth weight infants using histerical controls, this led
to a reduction in the need for intubation and IPPV in the
labor suite from 84 percent to 40 percent.”” Significantly
fewer of those receiving nasal CPAP had a severe intraven-
tricular hemorrhage (IVH) and/or BPD and the duration
of hospitalization was shorter. This study is of interest but
the technique does need to be assessed in a randomized
control trial.

WITHDRAWAL OF RESUSCITATION

External cardiac massage should be ceased if there is no
effective cardiac output within 15 miuutes, despite ade-
quate ventilation, correction of acidosis and treatment with
epinephrine. Resuscitation should also be withdrawn
if, by 20 minutes of age, the infant has not made at least
some gasping movements, even in the presence of a good
cardiac output, as the long-term outlook is likely to be
appalling.*¥%1%2 Those who have made some respiratory
efforts should be transferred to the neonatal unit so that
decisions on further management can be made after
appropriate discussion with parents.

The indications for resuscitation at the extreme of via-
bility present particular ethical problems. Most neonatel-
ogists would not attempt intubation or external cardiac

massage in infants less than 24 weeks, except in response
to parental pressure. Even at 24 weeks, many consider
active resuscitation is nof indicated if the infant is in poor
condition, with low heart rate and little if any respiratory
activity.
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OXYGEN ADMINISTRATION

Techniques

HEADBOX

If the infant requires a very modest increase in the inspired
oxygen concentration (=525 percent), this can be achieved
by administering the oxygen-rich inspired gas into the
incubator. In practice, however, every time the incubator
portholes are opened there will be a sudden drop in the
oxygen concentration. If the infant requires an increased
inspired oxygen fraction, >0.25, the oxygen should be
given into a perspex box placed over the baby’s head and
shoulders (headbox). The oxygen concentration should
be continuously menitored by an analyzer placed near
the baby’s mouth. The oxygen should be humidified.

NASAL CANNULAE

Nasal cannulae are frequently used to deliver supplemen-
tary oxygen to infants who have chronic lung disease
(CLD)}. This may be administered via a purpose bullt dou-
ble cannula system or an 8 FG feeding catheter cut to
length, which is inserted 2-3 ¢m into one nostril. The
advantages of admiuistering oxygen via nasal cannula
rather than into a headbox are that the infant has greater
mebility and there is greater access to the infant. This

170
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improved access is particularly important for older infants
in whom developmental stimulation must be considered
(p. 413).

Nasal cannula gas flow can cause changes in respiration
due in part to the generation of positive end expiratory
pressure (PEEP).?”* Although nasal cannula with an out-
side diameter of 0.2 cm did not deliver pressure or alter
thoracoabdominal motion, a 0.3c¢m diameter cannula
did deliver PEEP, at a magnitude which was related to the
gas flow rate.”” This could, on occasions, be put to advan-
tage as use of the larger cannulae was associated with a
reduction in thoraceabdominal motion asynchrony. It
does, however, mean that changes in the systems used to
deliver oxygen should be made with caution, as they could
be associated with alterations in clinical status.

Complications

Administration of oxygen through a nasopharyngeal
catheter has been associated with the development of
subcutaneous emphysema and pneumoperitoneum via
gastric rupture.5> The latter complication can be prevented
by avoiding excessive advancement of the catheter,
correct fixation of the catheter to the nostril to prevent
accidental displacement and restricting the flow rate,

PERCUTANEOUS

The skin of a very premature infant is extremely thin. As
a consequence, oxygen can be absorbed through the skin

149
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if the baby is kept in a high oxygen environment. A mean
increase in PaQ, of 1.2 kPa is achieved when babies are
nursed in 95 percent oxygen rather than air in their incu-
bators.®

CONTINUOUS POSITIVE AIRWAYS
PRESSURE (CPAP)

Techniques

CPAP was originally given via an endotracheal tube.*>*!

Later it was applied via a Gregory headbox or a face cham-
ber. CPAP may also he delivered into a face mask.? viaa
tube into one nostril,¥” a pair of tubes inserted into both
nostrils or a binasal tube,>*** These latter devices can be
connected via a T-piece circuit to a standard neonatal
ventilator or specific device.™"? Either system gives gas
mixing, pressure setting and humidification facilities.
Endotracheal CPAP can be delivered using an underwater
seal. If bubbling is vigorous then infants may experience
vibration of their chest at frequencies similar to those
experienced during high-frequency oscillation ventilation
(HFQV) (p. 172). In one small randomized crossover study
involving infants ready for extubation,®” ‘bubble CPAP’
was associated with a significant reduction in minute
volume yet maintenance of gas exchange, suggesting the
chest vibrations may have contributed to gas exchange.

The technique via which the CPAP is applied may
alter its efficacy. Goldman et al.'”® reported an almost
100 percent increase in the work of breathing with nasal
CPAP compared to face mask CPAP. This adverse effect
was attributed to flow resistance within the nasal attach-
ment. Further disadvantages of nasal CPAP systems are
that there may be the leakage of breathing gas either from
the attachment or through the patient’s mouth.**** This
latter problem: may be overcome in nose hreathing babies
who are said to shut the pharynx so that no air comes out
through the mouth.®* In view of the above limitations,
alternative nasal CPAP delivery systems have been devel-
oped. One such system?®” consists of two separated jets
which are directed towards the nasal openings and through
which the humidifed air oxygen mixture is delivered. It
contains no mechanical vaives and the expiratory imb is
open to ambient air. A continuous flow rate of breathing
gas of approximately 5-111/min generates a CPAP of
2-10 cmH,0.

There have been few studies in which methods of CPAP
delivery have been compared. Post-extubation, a binasal
system [Infant Flow Driver {(IFD), EME Lid, Brighton UK]
was not shown to have advantages over a single nasal prong
and ventilator in a non-randomized study involving
preterm infants.** Significant reductions in supplemen-
tary oxygen were only seen amongst those supported by
the single prong system and four infants supported by
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the IFD became hyperoxic.?*® The IFD has been shown to
deliver 2 percent more oxygen than a single nasal prong
and ventilator system.® Comparison of continuous flow
nasal CPAP via CPAP prongs, continuous flow nasal CPAP
via modified nasal cannulae and variable flow nasal CPAP,
however, demonstrated that lung recrnitment was greater
with the variable flow nasal CPAP system.” In addition,
others demonstrated that the work of breathing was
decreased by the variable flow nasal CPAP*!® In infants
with mild disease, the possibility of lung overdistention
at CPAP levels greater than 6 cmH,0 with the variable
flow device, however, was highlighted. The positive bene-
fits of the variable flow device may be due to gas entrain-
ment by the high velocity jet flows, the less variable CPAP
level and better prong design. By contrast, gas flow con-
tinues towards the nares during exhalation when con-
stant flow nCPAP is used and the patient must overcome
this excessive flow, leading to increased expiratory work.
Variable flow nCPAP may improve extubation success.*”

Level of CPAP

Caution should be used regarding the level of pressure
used, as if this is too high both circulatory and ventilatory
function can be severely compromised. Relatively mature
infants with respiratory distress syndrome (RDS} may
need up to 6-8 cmH,O of CPAP Infants in the recovery
stage of RDS, particularly those less than 28 weeks of ges-
tation will often tolerate only 2-3 cmH,O of CPAP, higher
levels causing CO, retention. As such infants have relatively
compliant lungs, the probable mechanism is via lung
overdistention. It has been suggested that the inost appro-
priate CPAP level may be indicated by results from
esophageal halloon pressure measurements,*® the optimal
pressure being 1-2 ¢mH;0 lower than the pressnre at
which there is a sudden step up in the applied pressure
sensed by the balioon. In practice, little applied pressure
is transmitted in infants with stiff lungs,'® but is trans-
mitted in healthy infants.”*? CPAP was shown to reduce
dynamic compliance by one-third in 12 healthy new-
borns; approximately 50 percent of the distending pres-
sure was transinitted to their mediastinal structures®?
Pressures generated during bi- and oronasal CPAP are
similarly delivered to the oropharynx, but neither inode
resulted in pressure generation to the thorax.?'?

Early studies®®**! in relatively mature infants {mean ges-

tation 33 weeks) with RDS demonstrated that endotracheal
CPAP could improve oxygenation without adversely affect-
ing PaCO, or blood pressure. The respiratory rate decreased
resulting in a lowered minute ventilation. The reduction
in respiratory rate is primarily due to a prolongation of
expiratory time.'” CPAP administration was also noted
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to stabilize the tib cage, reduce chest wall distortion dur-
ing inspiration and consequently increase the efficiency
of the diaphragm.”® In infants with respiratory insuffici-
ency, CPAP reduced the relative paradoxical motion of the
rib cage, that is, prevented the rib cage collapsing inward
instead of expanding outward early in inspiration —
suggesting enhanced chest wall stability.””* CPAP applied
via a face mask in heaithy premature infants reduced
total pulmonary resistance; 60 percent of this change was
due to a reduction in total supraglottic resistance. It is
speculated that this may occur directly through mechan-
ical splinting of the airway (see below).

APNEA

nCPAP abolishes obstructive and mixed apnea, but not
central apnea (p. 431).**® It may act by distending and
maintaining the upper airway rather than by a direct
effect on respiratory drive (p. 431).

EARLY nCPAP

Introduction of early nCPAP has been associated in non-
randomized studies with a significant reduction in the
requirement for intubation and ventilation'#%23>2%1,324
and the incidence of CLD.'"*** A retrospective review of
the cutcome of 1625 infants cared for in eight centers
highlighted that the center which instituted CPAP soon
after birth had the lowest CLD incidence.'” Other prac-
tices in that institution, however, differed from those in
the other centers and included avoidance of both hyper-
ventilation and use of muscle relaxants; in addition,
permissive hypercapnia was practised. The timing of
starting CPAP is debated. Although CPAP is started in
the labor ward in some centers, in a randomized trjal, 2
infants who received CPAP from birth were significantly
worse at 48 hours than those who were given CPAP only
when the PaQ, was below 6kPa in an FiO, of 0.50. The
results of two randomized studies have indicated that if
early CPAP is used surfactant should also be given*?” and
surfactant administered early rather than once infants
have developed moderate to severe disease.*”® A higher
arterial to alveolar oxygen tension and reduced subse-
quent need for ventilation (43 versus 85 percent) was
experienced when surfactant was given with CPAP com-
pared to when CPAP was used alone.*”” Early rather than
late surfactant administration was associated with fewer
infants {21 percent versus 63 percent) requiring mecha-
nical ventilation or dying within 7 days.*® Clearly a Jarge
prospective randomized trial comparing use of early
CPAP to intermittent positive pressure ventilation
(IPPV) with long-term outcomes is needed. Clinicians
using early CPAR, however, have fel it would be difficult
to get acceptance for such a study, as the so-called sofi
approach has been linked in certain centers to a major
emphasis on early parental involvement in the practical
case of babies.” Nevertheless, a randomized trial has

been performed to compare the efficacy of early nCPAP
with prophylactic surfactant early nCPAP with or with-
out rescue surfactant, early mechanical ventilation with
prophylactic surfactant and conventional management
(defined as ventilation with or without rescue surfac-
tant).*'® The time to wean was significantly shorter in
infants randomized to early nCPAP with or without res-
cue surfactant compared to early nCPAP with prophylac-
tic surfactant. No other significant differences between
the four groups, however, were noted, but only 237
infants were recruited into the trial.

EXTUBATION

Different conclusions have been drawn from at least
eight randomized trials assessing whether CPAP facili-
tates extubation. Meta-analysis of the results of those
trials, which included in total 569 infants, demonstrated
use of nCPAP reduced the need for increased respiratory
support (relative risk 0.57, 95 percent CI 0.43-0.73). The
need for re-intubation, however, was not significantly
reduced (relative risk 0.89, 95 percent CI 0.68-1.17), Nasal
CPAP did not significantly influence the intraventricular
hemorrhage rate, reported in four studies (relative risk
1.0, 95 percent CI $.55-1.82) nor of oxygen dependency
at 28 days reported in six studies (relative tisk 1.0, 95
percent CI 0.8, 1.25).117 Adverse effects were commented
on in very few of the trials. It should be noted that in the
trials which were systemnatically reviewed, CPAP was
delivered by a variety of methods which may have mflu-
enced the results. An earlier meta-analysis had demon-
strated nCPAP reduced oxygen dependency at 28 days.'%
Two trials subsequently reported, however, demon-
strated a trend for use of nCPAP to increase oxygen
dependency. That result reversal, as further small studies
were added to the meta-analysis, stresses the superiority
of information obtained from one large well-designed
multicenter randomized trial.

UPPER AIRWAYS OBSTRUCTION

CPAP js of value in infants with upper airways obstruc-
tion, as occurs in infants with Pierre Robin syndrome or
in infants with stridor due to a congenital abnormality or
laryngeal damage following ventilation. In these situations
the tip of the nasopharyngeal CPAP tube should pass
through the posterior choanae into the upper pharynx.?’

Adverse effecis

Face mask CPAP is associated with the highest rate of
complications of any of the CPAP techniques.'® The face
mask must be tightly applied to prevent gas leaks, and to
achieve and maintain the desired CPAP level. Unfortu-
nately, this requires tight strapping around the baby’s
head which can cause distortion, pressure necrosis and
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intracerebral or cerebellar hemorrhage.®!! Use of a naso-
gastric tube is contraindicated as this will break the seal
of the face mask. Stomach distention can occur and, of
course, there is limited access to the baby’s nose and mouth.
CPAP applied via the nose can resnlt in inflammation or
pressure erosion of the septum by the prong(s) although
pressure lesions of the nasal septumn have been described
following use of the Argyle’s silastic binasal tube.?* Use
of short prongs held in place with straps which pass
around the head has also been associated with cosmetic
deformities.**® In 6 months, nasal trauma was documented
in seven infants {a 20 percent complication rate in the
VLBW infants so supported); this included columeila
nasi necrosis, which occurred within 3 days, flaring of the
nostrils which worsened within the duration of CPAP and
snubbing of the nose which persisted after prolonged use
of CPAP>* The trauma resulted from the shape of the
prong, which was reported not to be anatomical®® and the
base not allowing for projection of the columella beyond
the alar rim. The prongs were perpendicular to the base,
uot converging as the baby’s nasal passages do and the
base of the prongs were closest together where the col-
nmelia was widest. It was suggested that a curved design
with tapering prongs would be more suitable.”*> Other
recommendations to avoid nasal trauma include ensur-
ing appropriate fit of the prongs, tying the hats to the
prongs more horizontally to prevent upward pull on the
nose and supporting the weight of the tubing. In addi-
tion, the nose should be rested for half an hour every 4-6
hours,*® although such a policy may be impractical in a
CPAP-dependent infant.

Rhodes et a.** claimed CPAP reduced both pneumo-
thorax and BPD, but pneumothoraces do occur on CPAR#
10 percent of infants so treated developing air leaks in an
early series.”™ Bilateral pneumothoraces in association with
extensive vascular embolns have been described, albeit
rarely.*** Application of CPAP can also result in gaseous
distension of the bowel and, although this has not been
associated with necrotizing enterocolitis (NEC) or bowel
obstruction, it can necessitate withholding of feeds,

VENTILATORY MODES DELIVERED BY
NASAL PRONGS

Nasal prong IPPV

Nasal prong IPPV (nIPPV) has been used as an alterna-
tive strategy to nCPAP to provide ventilatory support in
VLBW infants and to reduce apnea.’”"*7**® In apneic
infants it may improve the patency of the upper airway
by creating intermittently elevated pharyngeal pressures,
and by intermittent inflation of the pharynx it could
activate respiratory drive.®® A high frequency of sighs in
preterm infants receiving nIPPV for prevention of apneic
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spells has been observed.””! nIPPV has not always been
helpful in the post-extubation period,” perhaps because
of poor transmission of gases through the airways in
asynchronous infants.?® nIPPV is more effective when
the ventilator rate is adjusted to be similar to the patient’s
spontaneous rate.””” Meta-analysis of two trials compar-
ing niPPV and nCPAP in apneic infants demonstrated
no difference between the groups with regard to their
carbon dioxide levels after 4-6 hours of support.’® No
data were given in either trial on gastrointestinal compii-
cations; this is surprising as, in an earlier study,’*® a
30-fold increased risk of developing gastric or intestinal
perforation was reported in infants treated with cyclic
ventilation by nasal prongs rather than ventilation via an
endotracheal tube.

Nasal prong SIMV/SIPPV

Thoracoabdominal asynchrony, which occurs because of
the negative intrapleural pressure changes transmitted to
the highly compliant chest wall of a preterm infant, has
been suggested to be more effectively reduced by nSIMV
rather than nCPAP, perhaps by better stabilization of the
chest wall.?*® In a randomized trial involving 41 infants,'*®
respiratory failure developing post-extubation was sig-
nificantly lower amongst infants supported by nSIMV
rather than nCPAP (5 percent versus 37 percent), but a
variety of definitions of respiratory failure were used.
The ventilator used was triggered from outward move-
ments of the abdomen detected by an abdominal pressure
capsule (Graseby Dynamics Inc, Herts, UK). Others have
used a commercial time-cycled pressure-limited neo-
natal ventilator (MQG 2000, Gineviri), which detects the
inspiratory effort of the infant by means of a hot wire
anemometer flow sensor. The Ginevri MOG 2000 is sup-
plied by an electronic device that analyses the signal com-
ing from the flow sensor. The continuous component of
the flow signal due to leaks from the mouth and the nos-
trils is eliminated while the variation of the signal deriv-
ing from the patient’s inspiration is used to trigger the
ventilator.**® Using this device, nSIPPV compared to
nCPAP was associated with a significant reduction in the
patient’s respiratory efforts,””® which perhaps explains
the lower rate of respiratory failure in the nSIPPV group
of the randomized study.'® Nevertheless, very few patients
were studied and whether nSIPPV using such a system
will be feasibie in all preterm infants remains untested.
Relatively few side-effects of nSIPPV/SIMV have been
reported and include non-significant abdominal disten-
tion and self-resolving epistaxis. Nevertheless, the small
number of infants included in randomized trials and the
important theoretical adverse consequences of adminis-
tration of high inspiratory pressures at the ievel of the
nasopharynx highlight that an appropriately sized study
with long-term outcomes should be undertaken.
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Nasal prong HFOV (nHFOV)

Use of nHFQV has been associated with a reduction in
carbon dioxide levels in infants with a moderate respira-
tory acidosis on nCPAP,** even in those born as early as
24 weeks of gestational age.”” In one series, however, five
of 21 infants supported by nHFOV had to be intubated
after a median of 6.5 hours, because of carbon dioxide
retention and a high oxygen requirement,*® Further
studies, which include a randomized comparator group,
are required to determine the merits of this nasal ventila-
tory mode.

CONTINUGUS NEGATIVE EXTRATHORACIC
PRESSURE (CNEP)

Intermittent negative pressure ventilation for neonates
was first introduced in the 1960s. CNEP was later deliv-
ered by a modification of the Ohio Air Shields Isolette, *
Its primary application was for larger infants (birthweight
1500 g and gestational age 32 weeks) with uncomplicated
RDS in whom it reduced morbidity and mortality.'#*% I
was suggested that CNEP was likely to be useful for infants
with conditions characterized by a reduced tidal volume
and functional residual capacity {FRC}.*' Complications,
however, limited its acceptability aud until the late 1980s
positive pressure ventilation was the mainstay of neonatal
respiratory support.

Techniques

To apply CNEP using the Air Shields Isolette, the Isolette
was first warmed and the infant’s torso placed inside the
negative pressure chamber. The infant’s head was then
delivered through the iris-type diaphragm into the head
chamber; all lines, wires and tubing being passed through
the side portholes. When the diaphragm, side portholes
and end door were closed, this isolated the infant’s torso
in an airtight negative pressure chamber. The built-in
vacuum pump then generated a CNEP of between 4 and
10 cmH,0. At the initiation of CNEF, the ventilatory
pressures sometimes remained constant or were reduced
by an amount equal to the applied negative pressure.'%
Samuels and Southall*> developed a CNEP systern cham-
ber, consisting of a perspex lid hinged to one side of an
alusninum base with a rubber seal around its edge. The
neck seal was achieved using a rectangular sheet of latex,
in which a hole was cut with an area about two-thirds of
the neck. The elasticity of the neck seal allowed it to be
stretched over the infant’s head. Problems with the seal
were further avoided by putting a double thickness elas-
ticated tubular stockinette around the infant’s neck. Three
sizes of chambers were available depending on the infant’s
weight and accommodated those less than 4kg, 3-8 kg

or 5-20kg. The smallest neonatal chamber was used on a
modified incubator base, which provides circulation of
warmed air, servocontrolled to the ambient air tempera-
ture within the chamber. CNEP of between —6 and
~10emH,0 can be instituted over several seconds. In
patients already receiving positive pressure ventilation
the peak and end expiratory pressures are reduced by the
magnitude of the negative pressure used, To remove the
patients from the chamber, the negative pressure was
tailed off slowly over 5-15 minutes to avoid a sudden fall
in lung volume. Full nursing care and physiotherapy can
be performed while the negative pressure was main-
tained for the sickest patients.’® After extubation,
Samuels and Southall kept their patients in the CNEP
chamber for a minimum of 24 hours and, as their condi-
tion improved, increasingly longer times wete spent out
of the chamber. Treatment was discontinued when no
change was noted in the inspired oxygen concentration
with or without CNEP.

Clinical studies

CONTINUOUS NEGATIVE EXTRATHORACIC
PRESSURE

Outerbridge et al.™® described use of CNEP (4-8 cmH,0)
in 14 infants with severe RDS, On transfer to CNEP their
PaQ;, rose significantly by a mean of 23 mmHg and their
alveolar-arterial oxygen differene (AaDQ,) fell by a mean
of 34.8 mmHg; the least impressive results were obtained
in infants with meconium aspiration syndrome. Only
four infants, however, could be supported throughout
their illness by CNEP only. Eight of the remaining 10
survived, but additional use of conventional respiratory
management was required. No complications were expe-
rienced, in particular no hypothermia, but it should be
noted the infants were relatively mature, being between
30 and 37 weeks of gestational age.

In a randomized trial, > infants from 4 hours of age
received either standard neonatal intensive care or CNEP
{—4 to —6cmH,0} applied within a purpose-designed
neonatal incubator. Two hundred and forty-four patients
[mean gestational age {GA) 30.4 = 3.5 weeks] were
recruited, Use of CNEP was associated with a lower dura-
tion of oxygen therapy (18.3 versus 33.6 days). There were,
however, trends towards an increase in mortality and
cranial ultrasound abnormalities in the CNEP group,
although these did not reach statistical significance.’*

CNEP AND INTERMITTENT MANDATORY
VENTILATION (IMV)

CNEP together with IMV improved oxygenation in infants
with persistent pulmonary hypertension of the newborn
(PPHN) whose AaDQ; was sufficiently high to qualify
them for extracorporeal membrane oxygenation (ECMO).
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Sills et al.>® reported five such infants survived without
pulmonary or neurological complications. In 12 preterm
infants with severe pulmonary interstitial emphyserna
(PIE), oxygenation also improved on introduction of
CNEP. The infants were started on CNEP when they failed
to achieve a Pa0, of 50 mmHg in an FiO, of 1.0. Only six
infants, however, ultimately survived, but in four of six
survivors there was radiographic resolution of the PIE.'”
Cvetnic et al.'” subsequently reported their experience
of CNEP with IMV in 37 infants with a variety of diagnoses
including PIE, RDS, PPHN and meconium aspiration
syndrome, All had failed to achieve a PaQ, of 50 mmHg
on IMV alone. No significant change in pH or PaCC,
occurred. Although all the infants experienced an improve-
ment in oxygenation on transfer to CNEP, the response
was best in the ‘non-meconium aspiration syndrome’
PPHN group. It was possible over the subsequent 72 hours
of ventilation to maintain oxygenation despite a reduction
in mean airway pressure {MAP). Samuels and Southall***
reported use of CNEP with or without IMV in a group of
88 infants and young children suffering from a variety of
diagnoses, which included BPD and RDS. In 75 infants it
was possible to reduce the inspired oxygen concentration
by a median of 15 percent (range 4-40 percent) 2 hours
after starting treatment. In 29 infants PaCQO, was mea-
sured, in 21 there was an improvement and in only eight
an increase. CNEP support was required from between 2
and 236 days. The final outcome, however, was variable;
extubation was facilitated in 28 patients, but 34 died.

Adverse effects

Early attempts at CNEP were poorly tolerated by infants
of birthweight less than 1000 g. There were technical liin-
itations in securing the infant within the device and
hypothermia resulted from convective heat loss around
the head and neck. Another concern was impedance of
venous return from the head resulting in intraventricular
hemorrhage (IVH). Postmortein data, however, failed to
demonstrate 2 significant difference in the incidence of
IVH in infants treated with CNEP, no ventilation or
positive pressure ventilation.”3%3%

A study of 10 patients aged between 2 and 36 months
of age, seven of whom had BPD, demonstrated no signif-
icant changes in heart rate, oxygen saturation, transcuta-
neous carbon dioxide or cardiac cutput on commencing
CNEP** In acute lung injury induced by saline lavage,
CNEP has been shown to have similar effects to equivalent
levels of PEEP on dynamic lung compliance, lung resis-
tance, end expiratory lung volurne, bloed gases, prlmonary
and systemic vascular resistance and cardiac output.!®
CNEF has not been shown to have an adverse effect on
respiratory function when given at less than 6 cmH-O. In
prematurely born infants studied when breathing room air,
application of CNEP resulted in a reduction in respiratory

rate, due to a prolongation of expiratory time. Com-
pliance improved in the infants with low baseline values
but not in those with normal lung function; there were
no consistent changes in respiratory system resistance.'>

INTUBATION

The infant should be lying flat with the neck only slightly
extended; it is unnecessary to incline the infant to the
horizontal as on a resuscitaire, A straight bladed laryngo-
scope with a C cross-section should be used, as the top of
the ‘C’ prevents the soft tissues falling onto the bottom part
of the blade, obscuring the view of the larynx. The tip of
the blade is placed in the cavity between the back of the
tongue and the anterior surface of the epiglottis (vallec-
ula); it is then tilted upwards; this both keeps the tongue
out of the way and pulls the larynx forwards. If the larynx
fails to come into view, gentle pressure should be put over
the cricoid cartilage. During nasal intubation, the process
is similar except that the tube should be placed in the
nostril and advanced until the tip can be seen in the back
of the pharynx with the laryngoscope in place, The tip is
then grasped by Magill’s forceps and the tube inserted
through the cords. Whether the infant is intubated orally
or nasally, the tube should be positioned through tbe vocal
cords when they are abducted in inspiration. The tip
should lie 0.5-1.0 cm proximal to the carina. This posi-
tioning allows for flexion or extension of the infant’s
head and avoids intubation of either bronchus (p. 321).

Some autherities recommend intubation should only
be performed immediately after the infant has received
atropine and pancuronium.?®® During intubation, cate-
cholamine levels increase,*2 and this can be associated
with elevation of blood pressure and intracranial pres-
sure.”®? Prior treatment with pancuronium and atropine
significantly reduced the rise in catecholarnine levels and
so may avoid some of the adverse effects of intubation.?#®
The disadvantage of paralyzing an infant prior to intuba-
tion is that the infant is then withont respiratory effort
and intubation may not be successfully accomplished. We,
therefore, prefer to sedate infants for a non-emergency
tube change (p. 208). ‘Elective’ changing of an endotra-
cheal tube is unnecessary providing adequate humidifi-
cation and suction is practised {p. 263) and should be
avoided because of the complications of intubation. The
signal for an endotracheal tube change is the signs of
obstruction.

Endotracheal tube shape and size

Cuffed tubes are not used in neonates, but ‘hi-lo’ tubes
{p. 170} are needed with some types of jet ventilation.
There has been considerable debate regarding whether
straight or shouldered endotracheal tnbes should be used.
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Shouldered tubes may be easier to fixate because of their
greater relative width at the mouth, but it has been claimed
that they are more likely to cause subglotiic stenosis. In a
retrospective review of the incidence of subglottic steno-
sis in the four metropolitan regions, there was no signif-
icant difference in the incidence of subglottic stenosis
between neonatal intensive care units which used straight
or shouldered endotracheal tubes (Rivers et al., unpub-
lished data}. Nevertheless, impaction of the shouldered
part of the endoiracheal tube onto the ¢ricoid ring could
lead to pressure necrosis in the subglottic region.”#**%
Impaction of the endotracheal tube can be avoided if the
tip of the endotracheal tube is positioned so that it lies at
or above the level of the clavicles on the chest radiograph.
It should be remembered, however, that neck position
can affect the position of the tip of the endotracheal
tube.’®>*7 The endotracheal tube moves caudal with
neck flexion and cephalad with neck extension; mean dis-
placements 3.1 and 7.4 mm, respectively, in one series of
low birthweight infants**’
of term infangs.>®
Although it is cominon practice to ventilate children
and adults with a leak between the endotracheal tube and
tracheal wall, in neonates, particularly in the acute stage
of the iliness, this is not done. This would require use of
a small tube and if an endotracheal tube is employed with
an internal diameter less than 2.5 mm, suction is impos-
sible. In addition, if a leak is present, it is not possible to
achieve pressures greater than 25-30 cmH,0 which are
necessary to ventilate very stiff lungs. This means at least
a 3.0 mm tube is needed and in a very small baby this can
only be accommodated without a leak. After a period of
ventilation, tracheal dilation can occur,*' then an even
larger tube will be necessary. A further reason to use a
‘large’ tube is that inspiratory and expiratory resistances
are significantly affected by tube size. The calcnlated
mean difference in expiratory resistance between endo-
tracheal tubes of 2.5 and 3.5mm internal diameter was
93 cmH,0/1/5.1** The resistance of the endotracheal tnbe
adds to the inspiratory work of breathing. Additional work
is a function of the tube’s size, each 1 mimn decrease in diain-
eter leading to a 67100 percent increase in work when
measured in endotracheal tubes used to support adults."*’
Measurement of resistance of straight endotracheal tubes,
internal diameters (1Ds) between 2.5 and 6 1nm and shoul-
dered {Coles) tubes, ID/outside diameter {QOD) between
2.5/4 and 3.5/4 mm, demonstrated resistance increased
as endotracheal tube diameter decreased. At flows of
51/min the resistance of the 6 mm ID endotracheal tube
was 4.6 cmH,;0/1/s and for the 2.5 mm ID endotracheal
tube was 92 cmH,0/1/s. Shortening an endotracheal tube
to a length appropriate for patient use {for example a
4.0mm ID from 20.7 to 11.3¢cm) reduced its resistance
on average by 22 percent. The resistance of a Coles tube
was approximately 50 percent lower than that of a straight
tube with an 1D corresponding to the narrow part of the

and 1.8 and 3.5cm in a series

shouldered tube.”® The additional work of breathing
can be overcome by sufficient amount of pressure
suppott.

Oral or nasal intubation

Nasal endotracheal tubes, once in place, can be fixed rigidly
to the baby’s face, which might reduce the incidence of
subglottic stenosis.”®? Nasal intubation, however, has been
suggested to be a risk factor for bacterernia’® and can lead
to ulceration and excoriation of the nostrils. At follow-
up, notches in the alae of the nose and damage to the nasal
septum have been described in infants who had under-
gone nasal intubation.'® Oral tubes are generally thought
easier to insert, but can be harder to stabilize. Infants may
suck and swallow on an oral endotracheal tube. At follow-
up, high palatal arches, narrow pressure-induced grooves
or clefts in the palate,*” and damage to the alveolar ridge
leading to dentition problems have been described.'*

Methods of securing endotracheal
tubes in neonates

A variety of methods have been used to secure endotra-
cheal tubes. These include use of adhesive tape which is
stuck round the endotracheal tube and the infant’s upper
lip or an H-shaped piece of zinc oxide tape to stabilize
the tube. Purpose-made devices include a flange which is
tied or sewn to the endotracheal tube and then the flange
tied on either side of a bonnet. A Logan bow {or nucal
device) can be used;*® an adhesive head sling is employed
to anchor the device and an oral endotracheal tube. In one
series,*”? the average accidental extubation rate was six
times greater with conventional strapping compared to
using a Logan bow in infants weighing 0.5-1.0 kg. Purpose-
made devices, however, do have disadvantages; extreme
care needs to be taken in very sick immature infants to
avoid pressure necrosis injuries if a bonnet ligature and
flange system is used.’” If such a system is used, dental
rolls should be placed just in front of the ears under the
ligatures to relieve any pressure on the ears.

Complications of prolonged intubation

The presence of an endotracheal tube within hours causes
changes in the tracheal mucosa which include decilia-
tion, necrosis and desquamation.’*” Not surprisingly, once
extubated, infants can develop hoarseness and stridor.
Serious damage to the larynx and trachea is, however,
uncommon (p. 443). Nasal intubation can lead to ulcer-
ation and excoriation of the nostrils. Oral intubation may
result in dentition problems and a long narrow pressure-
induced groove or even cleft in the palate.?’” Inappropriate
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positioning of the endotracheal tube, for example in the
right main bronchus, is frequently associated with lobar
collapse, even persisting post-extubation. In addition, to
avoid such a complication it is important to minimize
tube movement associated with head movement and
positioning,.

The development of expertise in mechanical ventilation
of the newborn has allowed less rigorous indications for
intubation and positive pressure ventilation.>”” Nowadays,
many extremely low birthweight (ELBW) infants, who
do not initially have regular respiratory activity, will be
intubated and ventiilated immediately in the labor suite
(Table 15.1). The importance of establishing control over
respiration in such infants, who are at particular risk of
intracerebral hemorrhage, has been emphasized.**' There
are no randomized trials, however, to dermonstrate such a
policy improves cutcome and certain authorities argue
for a less aggressive approach (see p. 144).

Once on the neonatal unit, an infant who suddenly
collapses with apnea and does not respond promnptly to
bag and mask resuscitation should be intubated and ven-
tilated. Any infant who develops recurrent minor apneas
or whose respiratory status deteriorates inerits intuba-
tion. The level at which this is undertaken does, however,
depend on the degree of immaturity of the infant (Table
15.1), their postnatal age and underlying disease. Some
infants are intubated and ventilated to manage their
underlying condition, for example, hypoxic ischemia
encephalopathy {see p. 519), severe pulmonary hyper-
tension, sepsis, congenital diaphragmatic hernia (see
p. 487) and massive pulmonary hemorrhage.

Table 15.1 Criteria for intubation and positive pressure
ventilation

Absolute
Major apnea with failure to respond promptly to bag and
mask resuscitation

Relative
ELBW infants <28 weeks gestational age in the labor suite
Recurrent minor apnea unresponsive to CPAP and
methylxanthines
Deteriorating respiratory status
Pal; =50mmHg in Fi0; 0.6
=32 weeks gestation
Pa0; <50mmHgin Fi0, 0.8
>32 weeks gestation
pH <7.25, PaC0; >50mmHg
=32 weeks gestation
pH <7.2, PaC0,; =60 mmHg
=32 weeks gestaiion
Cerebral edema due to hypoxic ischaemic
encephalopathy

PRESSURE-LIMITED TIME-CONTROLLED
VENTILATION

In this form of ventilation a constant flow of gas is deliv-
ered to the infant, distending the lung for a preset inspi-
ratory time to a predetermined pressure [peak inflating
pressure (PIP)]. During expiration, the gas flow contin-
ues to deliver PEEP. The amount of gas which enters the
lungs is determined by the peak pressure set on the ven-
tilator blow-off valve and by the gas flow rate, which
should always be large enough to ensure the PIP is reached
in the available time. The higher the flow rate, the squarer
the airway pressure waveform. Once the PIP has been
reached, the pressure-limiting valve is opened and this
prevents any further rise in pressure. The higher the pres-
sure set the greater the volume of gas which enters the
lungs, although, if the infant has non-compliant lungs,
the leak around the endotracheal tube becomes more
critical at higher pressures.

Ventilator performance

As rate is increased there is a change in the airway pres-
sure waveform shape,* with loss of the positive pressure
plateau (Figure 15.1). In addition, inadvertent PEEP can
develop, particularly if flow is increased to maintain pres-
sure as rate is elevated. This impairment of function occurs
in ventilators which do not incorporate assisted expira-
tory valves, but this is rare in modern ventilators. Inad-
vertent PEEP can occur in any situation in which the
alveolar pressnre is higher than the proximal airway pres-
sure and complete exhalation cannot take place.?! This
raises the MAP which may improve oxygenation, bnt has
the disadvantage that it 1s likely to cause carbon dioxide
retention. Inadvertent PEEP can be difficult to measure.
The simplest technique is to occlude the endotracheal tube
at end expiration and measure the equilibration pressure
distal to the occlusion.’'®¥! If there is gas trapping, then
the measured pressure will be greater than the ‘dialled iy’
PEEP. When gas trapping occurs there may aiso be a rednc-
tion in compliance.® In such a situation compliance then
can be improved by increasing the expiratory time.***
Several studies have demonstrated neonatal ventila-
tors differ in their performance and menitoring reliabil-
ity.!1¥*¥ Comparison of four ventilators {Babylog 8000,
BP 2001, Sechrist IV 100B and InfantStar) demonstrated
flow dependence of pressure for all ventilators tested,
except the Babylog 8000. All either under- or overesti-
mated the PIP and/or PEEP depending on the ventilator
assessed. There are several explanations. Observer-related
reading errors can occur if the pressure monitoring device
consists of 2 mechanical pressure transducer read by visual
observation. Second, no mechanical procedure is possi-
ble other than a zero adjustment. Third, the ventilator
measured its pressure at a distance from the endotracheal
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tube.* The inspired oxygen concentration was also under-
estimated, but less than 5 percent even at FiQ; >(.3.
These data argue strongly for regular checking of the
equipment reliability.>®

Neonatal respiration monitors (p. 229)

Several of the ventilators currently available incorporate
or have ‘add-on’ respiratory function monitors. Given
that lung function tests (LFTs) have not only been used
to predict extubation success (p. 229), but also outcome,

and to assess disease severity (p. 230) and the efficacy of
interventions (p. 229}, such monitors seemn highly desir-
able. It is important, however, to be aware that such
measurements have been performed in the context of
research studies with carefully validated equipment. Data
generated from respiration monitors must be accurate
throughout the range of conditions experienced on 2
neonatal intensive care unit (NICU} if they are to be clin-
ically useful. The clinician must ensure the device gives
similar results regardless of, for example, the level of
humidity of the inspired gas or the inspired oxygen con-
centration. Such information may not be available from

Figure 15.1 Changes in airway pressure waveform and delivered volume as frequency increoses. in each of the four
recordings, the upper troce is the volume trace (inflation upwards, deflation downwards) and the lower trace is the airway
pressure recording. Picture ventilator rate: {a} 30/min; (b) 60/min; (¢) 90/min; {d} 120/min.
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the manufacturer and detailed testing reveals impaired
performance in the clinical setting.'”' Some ventilators
measure expired tidal volumes without compensation for
the compliance of the ventilator circuit or for uncontrolied
variations in the circuit set-up, for example the addition
of an in-line suction device.%® A significant discrepancy
was demonstrated between ventilator-determined tidal
volume and a pneumotachometer placed at the endo-
tracheal tube-derived volume; the latter, therefore, is the
recommended method.

HUMIDIFICATION

British Standards recommend that the minimal accept-
able humidity is 33 mg/l inspired gas. The American
National Standards Institute felt that the minimum level
of 10 mg/] was the lowest acceptable humidity level nec-
essary to minimize mucosal damage to the upper airway. In
addition, that level will provide approximately 50 percent
relative humidity at 72°F ambient conditions;” this is
three-quarters of that attained with normal breathing
without intubation. There are a variety of humidifiers and
heated circuits commercially available, but many do not
meet the British Standards.*”® Problems with appropriate
humidification may increase the pneumothorax rate, "’

Peak inflating pressure {PIP}

A PIP sufficient to cause visible chest wall expansion must
be used. This is usually about 18-20cmH,0, unless the
infant has very stiff lungs. Once this is achieved, subse-
quent changes in pressure are determined by monitoring
the arterial blood gases. High PIPs cause barotrauma and
are significantly related to the development of pneumo-
thoraces; thus the lowest PIP compatible with acceptable
blood gases should be employed. Many now advocate
permissive hypercapnia, that is, minimizing the peak pres-
sures and allowing the carbon dioxide level to rise. This
policy follows from the observations that low PaCC; lev-
els appeared to be associated with an increased incidence
of CLD (p. 9). A multicenter historical cohort analysis of
235 infants with birthweight between 750 and 1000g
revealed that a PaCO, of less than 40 mmHg at 48 or 96
hours after birth was the best predictor of CLD.*** In a
subsequent study, in those infants in whom the lowest
PaCQ, level was 29 mmHg or less, the odds for CLD were
five to six times those of infants whose lowest PaCQO, was
40 minHg or more.'* Numerous researchers have reported
a significant relationship between hypocapnia, the devel-
opment of periventricular leukomalacia (PVL) and adverse
neurodevelopmental outcome. Thus, hypocapnia cannot
now be advocated as a treatment for pulmonary hyper-
tension (p. 380); indeed hypocapnia resulting from hyper-
ventilation in PPHN has been associated with increased
sensorineural hearing loss*'® and low psychomotor devel-
opmental test scores.'*®* Wung et al. have advocated

allowing PaCQ, levels up to 60 mmHg,**® but there are
no data from randomized studies to support such an
approach.

Positive end expiratory pressure (PEEP)

PEEP holds open the peripheral airways between positive
pressure inflations. Early studies demonstrated addition
of PEEP during ventilation improved oxygenation.*!!
PEEP conserves surfactant by reducing the shearing forces
present when inspiration starts from atmospheric pres-
sure in partially collapsed alveoli.**® Preliminary con-
cerns which suggested that this maneuver might increase
pneurnothorax have not been confirmed.* Too high a level
of PEEP, however, does cause alveclar overdistension and
carhon dioxide retention.’” The optimum level of PEEP
varies with the type of lung disease suffered by the infant.
Although infants with RDS treated with surfactant may
not tolerate levels greater than 3 cmH, 0, those with type
1CLD have improved blood gases at 6 cmH,0.'%* Increased
PEEP inay elevate CVP as a result of increased intratho-
racic pressures obstructing venous return from the infe-
rior and superior vena cavae. It may also decrease cardiac
output and mean arterial pressure, thus reducing cere-
bral perfusion. In patients with non-compliant lungs,
however, there is less transmission of airway pressure to
the vasculature and hence less increased CVP**® In neu-
rosurgical patients with normal intracranial pressure and
no severe lung disease, PEEP levels of 5 cmH,0 did not
significantly alter intracranial pressure. Higher levels of
PEEP (10-15¢mH;0} increased intracranial pressure,
but did not affect cerebral perfusion.”® Nevertheless,
in preterm newborns, use of PEEP levels greater than
6 cmH;0 needs to be carefully evaluated.

Mean airway pressure {(MAP)

MAP is a measure, approximately, of the average airway
pressure applied throughout the cycle. Tt can be calcu-
lated from a variety of formulae;

TAT, + Te) X PIP + { — TY(T, + Tg) > PEEP {Dillard%?
PEEP + [(PIP — PEEP) X TJ/{T, + Tg) (Field et af.%¥)

where T is inspiratory time and Ty is expiratory titne.
Both these formulae assume a square wave inflating
pressure and thus will overestimate MAP in many cases.
In practice most ventilators now have a MAP display or
at least an ‘add-on’ monitor which measures MAP. In
several studies,*®*'" MAP was shown to have a good cor-
relation with oxygenation At a critical level, however,
determined by the infant’s lung function, further elevation
of MAP does not improve oxygenation and indeed may
cause impairment. MAP is not the sole determinant of
oxygenation in spontaneously breathing ventilated infants,
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as during weaning similar a0, levels were achieved despite
use of two MAP levels.'#190

MAP can be elevated by increasing the inspiratory
time, PEEP, PIP or some combination of the three. Thus,
if elevation of MAP is required to improve oxygenation,
this can be achieved by measures which may cause less
barotrauma than elevation of PIP. There are, however,
restrictions; prolongation of T| beyond a critical dura-
tion stimulates active expiration and too high a PEEP can
impair lung function. Field et al.'"*! demonstrated that
among preterm infants with a mean gestational age of 30
weeks, the use of a reverse inspiratory:expiratory {L:E)
ratio was a less efficient method of iinproving oxygena-
tion than raising PEEP to cause the same increase in
MAP. Raising the PEEP level is a more effective method
of improving lung volume and hence oxygenation, than
either prolonging the inflation time or raising the pealk
inflating pressure.

Early studies demonstrated ‘slow’ rates of 30-40 breaths/
min (bpm)} which incorporated a long inspiratory time
were more effective than fast rates in oxygenating the infant
and reducing the incidence of BPD.%21%% The disadvan-
tage of such a strategy was, however, a pneumothorax rate
of up to 50 percent. This adverse effect may have resulted
from longer inspiratory times used at slower rates.** Since
those early studies,?'"**® there have been improvements
in ventilator perforinance. The newer ventilators are less
likely to develop inadvertent PEEP at fast rates and more
capable of maintaining their waveforin.'”” Those changes
may explain why, in the 1990s, fast rates were reintro-
duced with success. hinprovements in oxygenation were
noted at 120bpm compared to 30bpm.'*™ The highey
rate, when a ventilator without an assisted expiratory valve
was used, resulted in iimproved CO; elimination. Both
randomized and non-randomized studies have shown
that ventilation at 60 bpm or more compared to 30 bpm
can reduce the incidence of pneumaothoraces, '®44133.208.325
In 237 infants with moderately severe RDS, rates of
60 bpm versus 40 bpm or less were associated with a lower
pneumothorax rate (18 percent versus 33 percent, odds
ratio 0.5, 95 percent CI 0.3 to 0.8}.'” Those studies, how-
ever, preceded routine use of antenatal corticosteroids
and postnatal surfactant. Whether rates of 60bpm or
more compared to slower rates are still associated with a
lower pneumothorax rate remains to be tested in a Jarge
randomized trial.

Ventilator rate has an important influence on the
infant’s respiratory efforts. At rates of 30-40bpm, infants
are rarely apneic and tend to breathe in one of four distinct
interactions.'® These interactions include the Hering-
Breuer reflex, provoked augmented inspiration, synchrony
and active expiration. The latter interaction is statistically

significantly related to the development of a pneumo-
thorax (p. 312)."% As ventilator rate is increased, active
expiration becomes less common and synchrony more
frequent.'*® Provocation of respiratory reflexes is more
common in infants with non-compiiant lungs. Thus, in
surfactant-treated infants, manipulation of the ventilator
rafe to avoid active expiration may be less necessary. The
changes in respiratory interaction with increasing venti-
lator rate are related to the spontaneous respiratory rates
of infants with RDS. In the first 48 hours of life, respira-
tory rate in infants with RDS appears to be inversely refated
to gestational age: infants of gestational age 32 weeks
have a respiratory rate of approximately 70 bpin, whereas
those of 26-28 weeks breathe at 100 bpm."3® Thus, using
fast ventilator rates more closely mimics such frequencies
and hence provokes synchronous respiration (Figure 15.2).
Those guidelines regarding ventilator rate, however, only
apply to infants with RDS who are capable of making
spontaneous respiratory efforts. Once an infant is para-
Iyzed, ventilator rate should be reduced fo approximately
60bpm. This applies particularly to relatively mature
infants (greater than 32 weeks of gestation) in whom,
when paralyzed, rates =60bpm are associated with gas
trapping.®!” In addition, increasing ventilator rate beyond
60bpm does not confer any advantage to infants venti-
lated beyond the first week after birth. Such infants, if
fully ventilated, rarely show active expiration®*' and thus
there 15 no need to increase the rate to prevent pneu-
mothorax by that mechanism. Elevation of rate above
60 bpm does not iinprove blood gases in that group.”

Inspiratory and expiratory times

An L:E ratio of 1:1.2 to 1:1.5 is frequently used initially
during ventilation of infants with acute RDS as this miics
the LE ratio of spontaneous respiration.”” It has been
suggested that using a T} of 0.31 seconds and a Tg of 0.42
seconds, being the average T, and T found inn one series
would frequently provoke synchrony.”® It may, however,
not be necessary to be so precise, as in a subsequent study,
a ventilator rate close to, but slightly higher than the infant’s
predicted respiratory rate was more successful in captur-
ing the infant’s respiration.**! Using a longer T} has the
theoretical advantage that, as it increases MAP, it inay
improve oxygenation. It has the real risk, however, that it
will stimulate active expiration.)*® It is our practice, there-
fore, only to increase T) beyond 0.4 seconds in a para-
lyzed infant who has poor oxygenation and in whom we
wish to avoid further increases in PIP or PEEP. Rarely, in
infants with severe RDS, particularly those inore mature
than 32 weeks of gestation, a reverse ratio of 1.5:1 {o 2:1
may be useful. If such a ratio is employed, then rate should
be decreased to 30 or 40 bpm to avoid gas trapping,.

In infants ventilated beyond the first week after birth, an
L:E ratio of 1:1 is probably the most useful.”> Comparison
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In the labor suite rate 60 bpm (1:£ ratic 1.1.2)
PIP sufficient to ensure visible chest wall expansion

transfer to NICU

Ng visible respiratory efforts
Continue ventilation at €0 bpm

Visible respiratory efforts distinct from
mechanical until recovery breaths

{assume synchrony) (asynchronous)

T,

=32 weeks gestation T rate to 70 bpm

<32 weeks T rate to

120 bpm {in 10 bpm

aliguots)

T

Synchrony achieved
continue ventilation
at that rate

Reduce ventilator rate to 60 bpm
to avoid gas trapping

was made of arterial blood gases in infants ventilated in
the second and also the third week of life at I:E ratios of
I:1, 1:2 and 1:3 at ventilator rates of 30 and 60bpm.
Differences in blood gases were relatively small at the dif-
ferent settings, but those which were statistically signifi-
cant suggested the optimum settings were a ventilator
rate of 60 bpm and an I:E ratio of 1:1, In older infants ven-
tilated at approximately 7 weeks of age, a T} =0.6 sec-
onds compared to 0.4 seconds increased the effectiveness
of mechanical ventilation as determined by ineasure-
ments of tidal volume, dynamic compliance and alveolar
ventilation.!”* There was, however, no further significant
improvement on prolonging T to 0.8 seconds.

Flow rates
There are few published data on the effect of flow rates
on ventilation outcome. As a consequence, NICUs arbi-
trarily usually chose flow rates of between 6 and 101/min.
It should be noted that some ventilators have a fixed flow
rate (SLE 2000). Increasing the flow rate is necessary to
maintain waveform at fast rates in soine ventilators'?’
and in most if a combination of high peak pressures and
fast ventilator rates are used.,

Protocols have been developed for ventilator settings at
the initiation of positive pressure support (Figure 15.2).1
Once the infant is in synchrony, alteration in ventilator
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Respiratory efforts remain
distinct from ventilator
breaths — asynchrony

Figure 15.2 Choosing a ventilator
rate for infants with RDS.
Synchrony, no respiratory efforts
distinct from positive pressure
inflation.

l Paralyze

Table 15.2 Change in ventilator settings to be made in
response to abrormal blood gases

Blood gas abnormality Change in ventilator settings

Pao, Paco,

Too low Too high TPIP

Too low Acceptabie  TFIO, first, then TMAP but by
TPEEP orT T, (not by TPIP)

Too low Too fow Overventilaiion — confirmed
by chest radiograph
appearance PP

Acceptable  Too high Trate LPEEP

Acceptable Too low lrate {TPEEP in infants with
extensive chest excursion)

Toe high Acceptable  lfiD,

Tao high Too low lpip

settings is according to changes in blood gases (Table 15.2).
Some infants will reinain asynchronous despite anipu-
lation of ventilator rate and inspiratory time and to pre-
vent pneumothorax some action needs to be taken. This
may be to paralyze the infant with a neuromuscular
blocking agent {p. 316) or, in certain infants, to use a
patient triggered ventilator (p. 315). Ventilator settings
for respiratory failure, other than due to RDS is discussed
in the relevant chapters.

WEANING AND EXTUBATION (FIGURE 15.3)

The longer an infant is ventilated the greater the risks of
nosocomial infection, barotrauma and tracheal injury.
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Reduce PIP to below 20 cmH 0

Reduce ventilater rate by
limitation T, extension T,

At 40 bpm start caffeine
{loading dose 28 mpfkg caffeine citrate
maintenance 5mg/kg/24 h)

Patient trigger
ventilator available

Ma patient trigger
ventilator available

continue to reduce rate
by extension T,

reduce pressure to
14 cmHx0 > 23 weeks
12 cmH,0 26-28 weeks

10 cmH,0 < 26 weeks reduce pressure as for PTV

fback-up rate 20 bpm}

Minimal ventilator setting achieved

_One hour EY CPAP

J

Extubate into a headbox unless
< 1.0 kg then use nasal CPAP

Figure 15.3 Weaning strategy.

It is thus essential to wean infants as soon as their respi-
ratory status allows. It is our policy, if there is no evi-
dence of a respiratory acidosis and blood gases have been
maintained for 4-6 hours, to start reducing respiratory
support irrespective of the stage of the infant’s illness.
PIP shouid be reduced in preference to rate until the PIP
is less than 20 emH,O. PIP is reduced if blood gases are
maintained or the PaO, is high in association with a low
PaCO,, but if the PaCO, is within the normal range the
FiQ, is reduced in preference (Table 15.3}. If the infant
has been receiving a pulmonary vasodilator, we reduce
the FiO, to 0.6 before stopping the vasodilator. Once the
PIP is below 20 cmH,0 then we start to reduce rafe, par-
ticularly if the PaCO,; is low, but PaO; not elevated. We
do not reduce the ventilator rate below 20bpm except in
exceptional circumstances. Rate may be reduced by turn-
ing down the frequency and maintaining the LE ratio or
keeping T; constant and reducing rate by lengthening .
The former has the advantage of maintaining MAP,
whereas the latter weaning method is associated with a
lower rate of active expiration.ls? In a randomized trial,'??
limitation of T} and prolongation of T was associated
with a shorter duration of weaning, but no increased
incidence of complications such as preumothorax or
reventilation. During weaning frequent changes in the
inspired oxygen concentration may be required. Clini-
cally an arterial blood gas is usually obtained 20-30 min-
utes after the inspired oxygen concentration has been
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Table 15.3 ‘Weaning’ therapies

Drug Dosage Side-effects
Theophyliine 4 mg/kgfday in two Tachycardia
divided doses Agitation
Gastraintestinal
upset
Caffeine Loading dose Increased left
20 mg/kg caffeine veniricular
cifrate (equivalent output and
ta 10 mg/kg caffeine  hiood pressure
base). Maintenance  (Walther et ai.*39)
5mg/fkg caffeine
citrate every 24
hours
Doxapram 2-2.5mg/kglhour Convulsions

infusion [half life
5-13 hours
{Burnard et al.>¥)]

Hypertension

aitered. Data from adults, however, suggest that 10 min-
utes is sufficient for equilibration after a 0.20 change in
the inspired oxygen fraction.”

An alternative method of weaning is to maintain the
infant on the rate received during the acute stage of their
illness (60 bpm) and gradually reduce PIP to very low
levels (8-10 ¢cmH,C). This has the theoretical advantage
that the infant will stay synchronous but, as they recover
from RDS their compliance is likely to increase, which
may be associated with a slowing of their spontaneous
respiratory rate.

Whichever method of weaning is chosen, it is impor-
tant not to expose the infant to a prolonged period on
endotracheal CPAP. It is our practice to keep the infants
for less than 1 hour on endotracheal CPAP to ensure they
have satisfactory blood gases. If after that time there has
been no development of a respiratory acidosis, then the
infant is extubated into a headbox. It is also important to
choose the optimum level of endotracheal CPAP prior to
extubation.*” Oxygenation and FRC on 2 cmH,0 endo-
tracheal CPAP did not differ significantly from that
achieved post-extubation, but in both situations oxy-
genation and FRC were significantly higher than that
achieved at 0 cmH,O endotracheal CPAP.Y

Extubation should only be performed if there is a high
chance of success. It is important, therefore, before it is
attempted, to ensure the infant is not anemic, gastric feeds
are stopped for at least 4 hours and the stomach emptied.
Very immature infants {birthweight less than 1.0kg) may
fail extubation despite all these precautions, a normal
chest radiograph appearance and acceptable bloed gases
on minimal respiratory support. If, on more than two
occasions, such infants require reintubation, our practice
is to wait for some days and achieve appropriate weight
gain (p. 216) prior to reattempting extubation.
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LUNG MECHANICS AND PREDICTION OF
SUCCESSFUL WEANING

Weaning is accomplished during the recovery stage of
the respiratory illness when lung compliance is likely to
be improving; it thus might be expected that measure-
ment of lung mechanics would be useful to predict suc-
cessful weaning. To date, however, experience has been
mixed. Balsan et al.'” found a compliance less than 0.5 ml/
emH,0O was usually associated with unsuccessful wean-
ing, whereas Veness-Meehan et al."? found no such cor-
relation. More recently,?* the results of lung function
tests {compliance, functional residual capacity, tidal vol-
ume and respiratory rate) made before and after extuba-
tion were compared to the ventilator settings recorded
immediately prior to extubation with regard fo their ability
to predict extubation success in mechanically ventilated,
prematurely born infants. An FRC of less than 26 mi/kg
post-extubation bhad the highest predictive value in pre-
dicting extubation failure and performed better than
commonly used clinical indices, that is, ventilator settings.
In preterm infants weighing less than 2000g, a sponta-
neously generated minute ventilation at least 50 percent
of the mechanicaily generated minute ventilation pre-
dicted readiness for extubation in 86 percent of the 35
patients studied.*?

THERAPEUTIC AGENTS (TABLE 15.3)

Weaning duration can be shortened by administration of
a methylxanthine.'® Methylxanthines enhance respira-
tory effort by stimulating the respiratory center,!®*%®
intercostal muscles and diaphragm.'® They also act directly
on the lungs and airways, improving compliance' % and
decreasing airway resistance. Theophylline also stimu-
lates the surfactant pathway. It can be given intravenously
or orally. Even in unfed preterm infants therapeutic lev-
els can be reached within 6 hours of oral administration.*!
Prospective controlled trials'?*'% have demonstrated that
theophylline aids the weaning process either by reducing
the duration of weaning'® or reducing the need for
reintubation.?*® These advantageous effects seem limited
to babies less than 30 days old.*® Use of theophyliine is
associated with side-effects which include tachycardia,
gastrointestinal upset including vomiting, hyperglycemia
and diuresis. Such side-effects appear to he dose related
and thus levels must be regularly checked. A further dis-
advantage of theophylline is that it needs to be adminis-
tered three times a day. Other studies have shown that
caffeine (Table 15.3), which is given once a day, has a
lower toxicity level with fewer side-effects**® and seems
equally effective as theophylline.*®® In a blinded random-
ized trial of 45 infants, the mean time from study entry to
extubation in both 23 theophylline-treated and 22
caffeine-treated infants was 2.7 days. Three infants in
both groups developed respiratory failure necessitating
reintubation.® It remains to be appropriately tested

whether extubation of the present population of very
immature ventilated infants is facilitated by administra-
tion of methylxanthines.

Doxapram may be an option in infants who appear
resistant to methylxanthines and in whom no cause for
weaning failure can be found. Eight infants who contin-
ued to have apnea despite treatment with aminophylline
responded to the adminjstration of doxapram with com-
plete cessation of the apnea. In another study,?® doxapram
increased minute ventilation and tidal volume and also
reduced the apnea rate. The long-term effects of doxapram
on apnea, however, may be incomplete and not sustained
beyond the first week of treatment.’'® There are, how-
ever, few published data, it is often difficult to frequently
monitor levels and this medication has numerous side-
effects.

Prohlems following extubation

Copious secretions (bronchorrhea) may occur, particu-
larly in infants ventilated for longer than 1 week.”®
Such infants are at high risk of lobar collapse post-
extubation.*”” Regular physiotherapy and suction is of
proven benefit in such patients (Chapter 18).'** As phys-
iotherapy is not always well tolerated, it is essential to
identify high-risk patients; this can be achieved by a
post-extubation chest radiograph. Tracheal problems
may declare themse]ves post-extubation. Stridor with res-
piratory compromise may develop, then nebulized epi-
nephrine (adrenaline) and systemic steroids, 0.5 mgikg
can be used, although there is no convincing evidence
that this is helpful.*® In infants who have previously
failed extubation because of stridor, steroids should be
started prior to extubation.

VOLUME-SET TIME-LIMITED VENTILATORS

This type of ventilator delivers a preset volume to the
infant. This is done irrespective of the pressure necessary
to achieve that volume, and thus a major disadvantage is
that very high pressures may be used in an infant with
non-compliant lungs, The delivered volume is deter-
mined by the inflation time, flow, pressure limit and
patient compliance and resistance. Volume-controlled
ventilators end inspiration after a preset tidal volume has
been delivered. Total inspiration is determined by tidal
volume and the inspiratory flow settings. It is difficult in
a small baby to determine the volume that should be pre-
set; in such patients the velume change due to gas com-
pression becomes more critical as does loss around the
endotracheal tube. If the volume delivered during pres-
sure-set ventilation is measured in a series of babies at a
time when they all have blood gases within the acceptable
therapeutic range, there is great interindividual variation
(Figure 15.4). This would suggest that extrapolating
from the expected tidal volume related to body weight, as
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Figure 15.4 Histogram depicting
inflating volumes in 20 infants,
alt less than 24 hours of age
{individual data demonstrated by
histogram bars). Although the

Infants

is done in pediatric and adult intensive care units, would
not necessarily give optimum ventilation in a neonate.
Volume guarantee (VG) ventilation may be a better option
{p. 167).

Clinical studies
- Early attempts at volume-controlled ventilation (VCV)
failed because of technological limitations in both venti-
lator design and monitoring as well as a belief that this
form of ventilation was associated with a high incidence
of air leak and chronic lung disease.” In the early 1990s,
VCV again became available following improvements in
ventilator design. Initially it was used as a rescue modal-
ity with dramatic improveinents in oxygenation in a small
number of patients. This was suggested to be due to more
consistent delivery of tidal volume and minute ventila-
tion, improving lung volume stabilization and decreas-
ing ventilation-perfusion mismatch.” Several randomized
trials of VCV versus patient-controlied ventilation (PCV)
have now been performed and suggest VCV may have
advantages. In one,”*> VCV use was associated with less
hypotension and serious intracranial hemorrhage (ICH)
and, in another,”® a shorter duration of ventilation.
Limitations of study design of both trials, however, mean
that it remains unclear if VCV should be the preferred
option. PVC in the first study was not delivered by a
comparable ventilator.*?? In the second si:udy,“?'89 the ven-
tilator settings were manipulated so that volume delivery
was similar by the two modes, making it difficult to
understand how such a significant difference in outcome
occurred. In addition, the airway pressure waveforms in
both modes lacked a positive pressure plateau'®? and this
has been assumed to be important in facilitating gas

median volume is 6.02 mi/kg,
there is considerable variation.

exchange. Thus, a large randomized trial comparing the
effect of VCV to standard PCV on long-term outcomes is
required.

PATIENT-TRIGGERED VENTILATION (PTV)

PTV was reintroduced in the neonatal nursery in 1986.%¢

During PTV, positive pressure inflations are delivered in
response to the infant’s spontaneous respiratory efforts.
The number of inflations and shape of the airway pres-
sure waveform (magnitude of PIP and 1}) are dependent
on the triggered mode used (p. 165). Thecretically, dur-
ing PTV, the infant should always breathe in synchrony
with the ventilator; this may be the explanation for the
lower epincphrine concentrations noted in infants on
PTV compared to those on conventional mechanical ven-
tilation (CMV).*™ In addition, the contribution of the
infant’s respiratory effort to the transpulmenary pres-
sure should enable a reduction in peak pressure, thus
decreasing the incidence of chronic lung disease. Unfor-
tunately, to date these theoretic advantages have not been
confirmed. During PTV, the infant’s respiratory efforts
are sensed by the ‘triggering device’ If the respiratory
effort exceeds the critical trigger level, then the signal is
fed back into the ventilator and a positive pressure mnfla-
tion is delivered to the infant. A nuinber of ventilators and
triggering devices capable of delivering PTV are available.

Triggering devices

A variety of devices have been used to detect the infant’s
respiratory efforts. In an early ventilator modified to
deliver PTV (SLE 250), respiratory effort was detected by
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abdominal movements using the pneumnatic capsule of
the MR10 respiration monitor.?* The pneumnatic cap-
sule was taped onto the patient’s abdominal wall in the
subxiphisternal position. Unfortunately, that device had
a long trigger delay.®%!¥ The signal was then fed into the
manual breath control of the SLE 250 ventilator. The
pneurnatic capsule system has been used with other ven-
tilators, but without the electronics of the MR10 respira-
tion monitor the trigger delay is much shorter. An
esophageal balloon to sense pleural pressure changes'®®
was also used as a triggering device.!”® Unfortunately, the
balloon was not suitable for long-term use, as its presence
in the esophagus stimulated peristaltic activity interfer-
ing with the detection of the infant’s respiratory effort.

~Impedance pneumotachograph has also been used. !
The signal obtained from the output of a standard cardio-
pulmonary monitor is used to trigger the exhalation sole-
noid of a conventional neonatal respirator. Placement of
the monitor electrodes was modified to obtain a
transthoracic impedance respiratory waveform,; this was
usually best achieved by placing the electrodes in the
anterior axillary line on the right and the posterior axil-
lary line on the left. The timing of the start of inflation
could theoretically be varied during inspiration and infla-
tion was terminated at the onset of active expiration. A
mandatory minimum expiratory time of 0.2 seconds was
incorperated to prevent build up of intrathoracic pres-
sure due to repetitive respirations or autotriggering. The
device is triggered only with the onset of spontaneous
inspiration and provides synchronized assisted ventila-
tion for infants {(SAVI).

Triggering devices also use signals from the airway.
Changes in airflow may be detected using either a
pneurnotachograph?® or a thermistor?” mounted in the
patient’s manifold of the ventilator circuit. A variable area
differential pressure flow transducer has alse been nsed
to detect changes in gas flow (Ventilator Flow Synchronizer,
VFS, Bird Products Corporation). The flow signal trig-
gers an otherwise time-cycled pressure-limited ventila-
tor. Changes in airway pressure can be sensed by a pressure
transducer connected by non-compliant tubing fo a point
on the patient manifold just proximal to the endotra-
cheal tube.%® In other systemns (SLE 2000) the pressure
transducer is sited within the ventilator but detection of
the infant’s respiratory efforts is improved by putting a
resistor in the inspiratory limb of the ventilator circuit
near the patient’s manifold. This necessitates an increased
respiratory effort at the beginning of inspiration.'"

PERFORMANCE

The performance of the triggering device can be judged
by a number of criteria, as follows.

Liability to autotriggering
This means that positive pressure inflations are triggered
artifactually. One cause is the to and fro movement of

excessive condensation in the ventilation circuit, result-
ing in flow or pressure changes. Autotriggering is most
likely to occur if the triggering device is set at maximum
sensitivity. A large leak around the endotracheal tube
may also result in autotriggering, as there are detectable
flows in expiration, even at low PEEP levels, which can
reach the trigger threshold of a flow-triggered ventila-
tor.”*® Comparison of three flow-triggered ventilators
{Draeger Babylog 8000, BearCub and VIP Bird) demou-
strated the BearCub had the highest autotriggering rate.*
The BearCub triggering system, however, was less suscep-
tible to autotriggering than an impedance triggering sys-
tern {SAV], Sechrist Industries, Anaheim CA, USA).23©

Sensitivity

This is the percentage of the infant’s respiratory efforts
triggering positive pressure inflations. A high sensitivity
is optimum as this rmeans the majority or preferably all of
the infant’s respiratory efforts in SIPPV mode will be
supported by positive pressure inflations.

Trigger delay/response time

This is the time from the onset of inspiration to the com-
mencement of positive pressure inflation. The trigger delay
should be as short as possible to ensure the beginning of
inflation occurs early in inspiration, thus the majority of
the infant’s breath is positive pressure inflated. In addi-
tion, if the trigger delay is very short, the inflation time
does not have to be reduced to prevent inflation extend-
ing into expiration (asynchrony). If the trigger delay is
long, then unless pressure support ventilation (PSV) is
used {p. 167} inflation must be shortened to prevent
asynchrony. Reducing the inflation time can impair vol-
ume delivery,'* even using the new generation of neona-
tal ventilators (p. 156).""® The trigger delay consists of two
components: first, the time taken for the infant’s respira-
tory efforts to exceed the critical trigger level; and second,
the response timne or systems delay of the ventilator. Ideally
the systems delay time should not exceed 10 percent of
the total inflation time, a systemns delay of 36 ms permits
a maximum ventilator rate of 83 bpm.!** An early study
demonstrated that a long irigger delay was significantly
related to poor outcome of SIPPV;?! that is, infants could
not be supported on SIPPV throughout their ventilatory
career and/or developed a pneumothorax.

Comparison of performance of triggering devices

Numerous studies have been undertaken both in infants
and preclinical models to compare the performance of
the triggering devices. Much of that literature, however,
is redundant as it precedes the latest developinents to the
ventilators and their triggering devices. Currently available
systems usually have a trigger delay of less than 100 ms.
Assessment, however, bas usually been undertaken in rel-
atively mature infants with or recovering from RDS. The
infant’s respiratory function is likely to be an important
determinant of the performance of a triggering systern.
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For example, a flow triggering will perform very differ-
ently in an infant with non-compliant, low volume lungs
due to RDS than in an infant who has a high airways
resistance due o meconium aspiration syndrome. There
are insufficient data available to confidently conclude
that the triggering systemns will function sufficiently well
in all neonatal clinical scenarios. All of the devices’ per-
formance will be influenced by the infant’s gestational
age.%*2'® Poor respiratory activity, as indicated by a weak
Hering—Breuer reflex, further resuits in a long trigger
delay.”” In addition, the performance of certain types of
triggering devices are further compromised in prema-
turely born infants because chest wall distortion occurs
because of their compliant rib cage. The chest wall dis-
tortion results in a negative impedance signal during the
beginning of inspiration and, if a large phase shift results,
ventilator inflations will be triggered after the end of
spontaneous inspiration. A major criticism of studies
purporting to assess triggering device performance is that
the triggering devices were examined with different ven-
tilators. Thus any differences detected could be due to the
performance of the trigger device, the ventilator, or a com-
bination of the trigger device and ventilator and marked
differences in performance of ventilators currently avail-
able have been noted."! Use of a single ventilator type''®
has allowed appropriate comparison of two triggering
systems. That comparison demonstrated that an airflow
rather than an airway pressure trigger performed better
in very immature infants. The airflow trigger had a
shorter trigger delay and lower rate of asynchrony but
in some patients both systems had unacceptably long
trigger delays (p. 164},

Synchronized intermittent positive pressure
ventilation (SIPPV) and synchronized
intermittent mandatory ventilation (SIMV)

SIPPV was the first trigger made to be made available in
the 1980s and, as a consequence, PTV and SIPPV have
been used interchangeably to indicate triggered ventila-
tion. SIPPV has also been called assist control {(A/C).
During SIPPV, any number of positive pressure infla-
tions can be triggered, providing that the inspiratory
effort exceeds the critical trigger level. Dnring SIMV only
a preset number of inflations can be triggered regardless
of the frequency of the inspiratory efforts. Thus, if the
infant breathes at 80bpm, but the triggered ventilator
rate is present at 40bpm, a maximum of 40 triggered
inflations can be delivered to the infant.

TRANSFER TO SIPPY OR SIMY

On transfer to SIPPV or SIMV, the PIP, PEEP and FiO,
should initially be left unchanged and subsequently mod-
ified according to the arterial blood gas estimations.” The
inflation time, however, may need shortening. An inflation

time greater than 0.4 seconds is associated with a reduced
minute volume as the baby’s spontaneous breathing rate
is slowed, presumably via the Hering-Breuer reflex.*?? A
long inflation time is also more likely to result in infla-
tion extending into expiration, provoking active expira-
tion.!”® Shortening inflation time below 0.2 seconds is,
however, not beneficial as this is likely to reduce the tidal
exchange.'”” The optimal inflation time is determined by
observation of the baby’s respiratory efforts while receiv-
ing CPAP for up to I minute.”®* The inflation time should
be approximately equal to the spontaneous inspiratory
time after deduction of the system delay. The inflation
time is then reduced if necessary until the baby’s respira-
tory efforts are indistinct from ventilator inflation.””
To ensure continued support should the infant becorite
apneic, a minimum ventilator back-up rate or expiratory
time should be dialled in. This is usually selected in con-
ventional mode prior to transferring the infant to PTV.
The exact mechanism by which the back-up breath is
given varies between ventilators. In certain ventilators,
each minute is divided into a number of aliquots of time
by the back-up rate. In each ‘aliquot;, if the infant does
not trigger the ventilator in either the whole aliquot on
the first half, then a back-up breath will be given. For
example, if a back-up breath rate of 30 bpm is chosen, the
ventilator will scan each 2-second period. The back-up
rate is chosen according to the severity of the infant’s ill-
ness and amount of support needed. If too fast a rate is
chosen, for example greater than 60bpm, this may not
give an infant who is recovering from respiratory distress
sufficient time to trigger the ventilator, In practice, we
tend to start SIPPV with a back-up rate of 40 bpm for an
infant during the acute stage of the illness and increase
this to 60bpm if the patient is having frequent apneas.
Once recovery begins, as indicated by reduction in ventila-
tor pressures, the back-up rate is gradually reduced.

Infants on SIPPV who, because of vigorous respira-
tory efforts, are hypocapnic despite reduction in the peak
inflating pressure should be transferred to SIMV. This
scenario usually occurs in mature infants with mild res-
piratory distress, The SIMV rate, however, should be
maintained at least at 20bpm (p. 161).

Clinical studies of SIPPV/SIMY

Initial experience suggested that blood gases improved in
the majority of infants transferring from IPPV to trig-
gered ventilation. #1842 Thoge studies, however, were
carried out for only a short time period and, as the infants
usually received more support during the triggered
modes, the results were not surprising. In subsequent
studies, care was taken to ensure that the level of support
provided was similar on all ventilation modes. Their results
demonstrated that SIMV compared to IMV provided
superior oxygenation, higher tidal volumes and lower
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asynchrony rates.” In addition, during SIMV infants
achieved the same total minute ventilation with less
inspiratory effort, as indicated by lower esophageal pres-
sure swings.??® A lower amplitude and duration of
diaphragmatic EMG activity, also indicating lower inspi-
ratory activity, has also been noted during SIMV. The
lower work of breathing during SIMV may be due in part
to the reduced asynchrony rate. Increased abdominal
muscle activity when the infant is asynchronous can
lead to a higher expiratory work of hreathing.”” Lower
beat-to-beat blood pressure fluctuations®® and cerebral
blood flow velocity fluctuations'” have been noted on
SIPPV/SIMV.

COMPARISONS OF SIPPV TO SIMV

SIPPV and SIMV have rarely been directly compared.
Volume-targeted SIPPV has been shown to result in more
consistent tidal volumes at lower respiratory rates than
either IMV or SIMV in preterm infants with RDS
(p- 167).>® Randomized trials performed in preterm
infants recovering from RDS suggest that SIPPV may be the
more advantageous weaning mode, but only when com-
pared to reduction in the SIMV rate below 20 bpm (p. 161).

RANDOMIZED TRIALS COMPARING
SIPPV/SIMY TO CWVV

At least six randomized trials (Table 15.4) have been per-
formed. The trials have differed with respect to sample
size and whether SIMV or SIPPV was used. The majority
of infants, however, had or were recovering from RDS.
The same type of ventilator was not always used in each
arm of a trial and this may have biased the resulis
(p. 156).""" Meta-analysis of the results of those studies
demonstrated that the only significant difference in
outcome between the ventilatory inodes was that the
duration of ventilation was significantly shorter in the
SIPPV/SIMV supported infents (weighted mean differ-
ence of 31.9 hours, 95 percent CI 9.6-54.1)."% There was
no excess of adverse effects in any trial, but in the largest
one,*® amongst infants less than 28 weeks of gestation,
there was a trend for more pneumothoraces in the SIPPV
group (18.8 percent versus 11.8 percent). In addition,

Table 15.4 Results of meta-analysis of six randomized
trials comparing SIPPV/SIMY to CMV (Greenough et al.’®)

Outcome Relative risk 95 percent Cl
Air leaks 1.03 0.80, 1.24
Chronic oxygen
dependency beyond:
28 days 0.93 0.77,1.14
36 weeks PCA 0.90 0.75, 1.08
Severe intracerebral 1.04 0.75, 1.44
hemorrhage
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more infants in the SIPPV group departed from the
randomized mode of ventilation (27 percent versus
15 percent). In that study,z’0 which was of a pragmatic
design, a variety of ventilators were used which may have
influenced the results (p. 156}, but the majority of infants
randomized to the SIPPV group were supported by a
ventilator incorporating an airway pressure trigger. The
poorer performance of the airway pressure trigger niay
have contributed to the unexpectedly non-positive SIPPV
results.''® Other limitations of the trial have been com-
mented on.!?® Thus, although the trial has the merit of a
large sample size, on its results alone, it cannot be confi-
dently concluded that SIPPV/SIMV has no advantages
for preterm infants with RDS. The results of the meta-
analysis of the six trials, however, show no positive
advantage other than a shorter duration of ventilation.
Thus, triggered modes seem best reserved for infants
recovering from RDS. In the one trial which exclusively
recruited such infants, a significantly shorter duration of
weaning was reported.®

In preterm infants recovering from RDS, the results of
three randomized trials have suggested SIPPV rather than
SIMV is the more efficacious weaning mode (Table 15.5).
Although SIMV allows more flexible weaning than SIPPV
as rate, pressure or both can be reduced, overall the dura-
tion of weaning tended to be shorter on SIPPV.7%!!? n
three trials, weaning on SIPPV was by pressure reduction
alone, as of course the infant controls the delivered ven-
tilator rate. In three trials, weaning on SIMV differed; in
one only rate was reduced with PIP kept constant, in
another rate and PIP were decreased and in the third PIP
reduced and rate decreased but only to 20bpm. Only in
the latter trial was the duration of weaning similar in the
SIMV and SIPPV groups. Those results suggest that, even
during weaning, a minimum number of the infant’s
breaths must be supported, otherwise the work of breath-
ing to overcome the resistance of the endotracheal tube will
be increased and consequently the duration of weaning
prolonged. In support of that hypothesis is the finding

Tahle 15,5 Randamized triols camparing SIPPV to SIMV
during respiratory distress recovery®870.712

SIPPY SIMY
SIMY weaning
Rate reduction to 5hpm 22 {4-339) 36 (B-647)
Rate reduction io 5 bpm 24 (7432} 50 {12-500)
and pressure reduction
Rate reduction to 20 bpm 33 (4-912) 30 {7-408)

and pressure reduction

Results are expressed as median (range) duration of weaning.
In all triais weaning during SIPPY was by pressure reduction
alone. (Reproduced with permission from Bernstein et af 38
NEB: There were no statistically signibcant differences in any of
the three trials with regard to the numbers of infants who
required re-intubation.
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that at low rates of ventilator support, oxygen consump-
tion is increased.** As a consequence, it is our practice to
usually wean preterm infants on SIPPV by pressure
reduction down to low PIPs before extubation. The level
of PIP is dependent on the infant’s size and gestational
age; for an infant of 32 weeks, extubation from 14 cmH,0
can be attempted, but for a 24-week gestation infant, the
PIP may be reduced even as far as 6-8 cmH,0 if extuba-
tion is to be successful. The infants must, however, be able
to cope with such low pressures at an Fi0, =< 0.30if extu-
bation is fo be successful {p. 160}. Some infants, particu-
larly those delivered near or at term, can become
hypocapnic on SIPPV during weaning; such infants we
wean on IMV or SIMV, but we always maintain a mini-
mum ventilator rate of 20bpm prior to transfer to a
short trial of endotracheal tube CPAP before extubation
{p. 161).

YOLUME MONITORING DURING TRIGGERED
VENTILATION

Certain ventilators providing triggered modes also allow
tidal volume monitoring. Thus, the clinician may main-
tain the delivered volume within a predetermined range
by adjusting the peal inflating pressure. In one study,”™
volume-targeted SIPPV was shown to produce more
consistent tidal volumes than IMV or SIMV.

Volume guarantee {VG)

In this mode, the peak inspiratory pressure is servocon-
trolled so that the volume preset by the clinician is deliv-
ered during triggered ventilation (SIPPV, SIMV, PSV).
Increased patient effort vesults in less applied pressure
and vice versa. Using the Draeger Babylog 8000, adjust-
ments are carried out from one breath to the next. The
expired tidal volume is measured and compared with the
desired volume and a new pressure platean calculated for
the next breath. The desired volume, however, will not be
delivered if the preset peak pressure is too low or there is
no positive pressure plateau, Several studies have shown
that adequate gas exchange can be achieved at lower air-
way pressures during VG.*¥2!12 One explanation is that,
during VG, the infant makes a greater contribution to the
minute volume.?!? Those data are, however, from a short-
term physiological study and the infant’s ability to con-
tribute to minute ventilation is likely to vary according to
the stage of the respiratory illness. Nevertheless, results
so far suggest VG may facilitate weaning; switching over
to VG would allow the clinician to determine if the infant
would tolerate lower airway pressures. During VG, there
may be lower breath to breath variability in delivered vol-
ume,? but this is not a consistent finding.® Theoretically,
breath-to-breath adjustment, particularly if the infant
had periodic breathing, could lead to greater variability.

Pressure support ventilation (PSV}

During PSV, the patient’s inspiratory efforts trigger a
positive pressure inflation at a preset level but, in addition,
the end of spontaneocus inspiration also dictates termina-
tion of the inflation. For examnple, inflation is terminated
when the inspiratory flow is reduced to 15 percent of the
maximum inspiratory flow when the Draeger Babylog is
used in PSV mode and if the termination sensitivity of
the Bird VIP is used then inflation can be terminated
between 5 and 25 percent of the maximum inspiratory
flow. Employment of PSV can reduce the aysnchrony rate
by decreasing the inflation time.''* Amongst very imma-
ture infants, increasing termination sensitivity to maxi-
mum reduced the asynchrony rate almost to zero.'" In
that study, despite the reduction in inflation time, the tidal
volume was maintained, perhaps by an increase in the
infant’s respiratory efforts. The infants were only examined
for a short period and whether PSV with short inflation
times would be tolerated throughout the infant’s respira-
tory career needs to be examined. In addition, whether use
of PSV will rednce the pneumothorax rate also requires
testing.

During PSV, cardiac output has been noted to
increase above that experienced during CMV.?®' The
decrease in MAP resulting from the lower inspiratory:
expiratory ratio during PSV may explain the higher
cardiac output.

Proportional assist ventilation {PAV}
Patient-triggered ventilation maodes typically synchro-
nize one or two events of the ventilator cycle to certain
points in the spontaneous respiratory cycle (start and
end of inspiratory effort). Between these points in time,
the applied ventilator pressure plateau and waveforms
remain preset without adapting to the course of sponta-
neous breathing activity. The concept of ‘respiratory
mechanical unloading’ and ‘proportional assist ventila-
tion’ (RMU/PAV} is fundamentally different from this
conventional perception of a ventilator heing a ‘pump’
that releases ‘bursts of air” when triggered. During RMU/
PAV, the applied ventilator pressure is servocontrolled
based on a continuous input from the patient. This input
signal alone controls the instantaneous ventilator pressure
continuously, virtually without a time lag. The input sig-
nal is the modified tidal volume and/or airflow signal of
the patient’s spontaneous breath. The ventilator becomes
fully enslaved, allowing the patient to control timing,
depth and the entire airflow contour of the breath. Apply-
ing such ventilator pressure waveforms proportionally
enhances the effect of the respiratory muscle effort on
ventilation. The clinician sets the ‘gain’ of this enhance-
ment. The higher the ‘gain’, the less mechanical work of
breathing needs to be performed by the patient,
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ELASTIC LOADING AND ELASTIC UNLOADING

In the first model, the subject’s lungs are connected
through an endotracheal tube to a rigid box (Figure 15,5},
Being connected to the box means a higher respiratory
muscle workload during spontaneous breathing, because
the pressure inside the box and at the endotracheal tube
level decrease when volume is inspired into the lung. At
any point in time during such loaded inspiration, the
decrease in pressure is in proportion to the inspired vol-
ume, that is, there is a constant ratio between the change
in pressnre {pressure at the airway opening, P,,) and the
change in volume (V) throughout the respiratory cycle.
The ratio P,/ V is the elastance of the box and is 2 meas-
ure of the additional elastic workload imposed on spon-
tanecus breathing when the subject breathes from the
box. If the box is replaced by a ventilator which generates
instantaneous pressure changes in the opposite direction,
that is, an increase in P, in proportion to the inspired
volume, the ventilator will suppoert (unload rather than
lead) spontaneous breathing. The ratio P,,/V is a meas-
ure of the ventilator’s elastance which is ‘negative’ because
the pressure moves in the opposite direction compared
to the pressure behavior of a ‘positive’ elastance such as a
container, This ventilatory modality has therefore been
called ‘negative ventilator elastance™® or ‘elastic unload-
ing™2-*3 or “volume-proportional assist’ It specifically
decreases the elastic work of breathing imposed on respi-
ratory muscles during spontanecus breathing.

Pressure
Elastic load: - Unlocading
change in pressure | PPM AN U
per unit of volume A \__I:_gadmg
Time

Volume

¢ o Time

Figure 15.5 Mechanical model of respiratory elastic
{pading and unioading. Efastic loading occurs during
breathing out of and back into a sealed box. This causes
the pressure at the airway opening (P,. to decrease in
propottion to the inspired volume. if the box is
substituted for a volume-proportional assist device, the
airway pressure contour is turned upside down in
comparison with foading so that the pressure increases in
proportion to the inspired volume, thereby generating
elastic unloading. The higher the ratia of increase in
pressiire per unit of inspired volume is set by the clinician,
the more ossist is provided to the spontancously breathing
subject.
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RESISTIVE LOADING AND RESISTIVE
UNLOADING

In the second model resistive load symbolized by a
narrow tube attached to the airway (Figure 15.6). At the
attachment point, the pressure will decrease below base-
line during inspiration and increase above baseline dur-
ing expiration when the subject breathes spontaneously
through the tube. There will be a constant ratio of change
in pressure per unit of airflow. This ratio represents the
resistance of the tube. In the resistance unloading mode,
however, the ventilator generates pressure changes at the
level of the endotracheal tube adaptor in the opposite
direction so that P,, increases during inspiration above
baseline and decreases during expiration in proportion
to the instantaneous flow of spontaneous breathing (flow-
proportional assist). This is, therefore, a negative resist-
ance and causes the opposite effect of resistive loading,
i.e. unloading. Resistive unloading facilitates both inspi-
ratory and expiratory airflow throughout the sponta-
neous respiratory cycle. It does not, however, initiate the
cycle. The assist decreases and ceases as soon as the spon-
taneous flow decreases and stops. By adjusting the mag-
nitude of change in ventilator pressure per unit of flow
(in cmH,0/fs), the clinician determines the degree of
relief of the resistive work of breathing.36?
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Resistive load:
change in pressure
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Figure 15.6 Mechanical model of resistive loading and
unfoading. Resistive loading occurs during breathing
through a tube such as an endotracheal tube. This
causes the airway pressure at the level of the attachment
to the airway (P,,) to decrease below (inspiratory flow)
and increase above {expiratory flow} the baseline
{zero-flow} airway pressure. The P, changes in
praportion to the respiratory airflow. if the tube is
substituted for a flow-proportional assist device, the
airway pressure contour is turned upside down in
comparison with laading. it increases in proportion

to the inspiratary airfiow and thereby generates
resistive unloading. The higher the ratio of change

in pressure per unit of airflow is set by the clinician,
the more assist is provided to the spontaneously
breathing subject.
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COMBINED RESISTIVE AND ELASTIC UNLOADING

During combined unloading, the applied ventilator pres-
sure changes in proportion to both the volume and air-
flow of spontaneous breathing such that it is a weighted
sum of the volume and the flow signal at any point in
time. %43 Both elastic and resistive work of breathing are
reduced. The clinician can set the gains of the two com-
ponents independently. This makes it possible to tailor
the ventilator pressure waveform to compensate for spe-
cific changes in lung compliance and airway resistance
independently. The term ‘proportional assist ventilation’
specifically referred to applying the assist during inspira-
tion only, but in proportion fo both the tidal volurne and
airflow signal.****® During full-cycle respiratory mechan-
ical unoading), the airway pressure proportionally tracks
the signals throughout the respiratory cycle.

APPLICATION

The clinician can specifically address the three main types
of derangement in respiratory mechanics with RMU/PAV:
decreased compliance, increased resistance, and decreased
functional residual capacity (FRC}). To apply this modai-
iy, three independent controls need to be set to address
the individual degree of impairment in compliance, resist-
ance, and FRC:

* The gain of elastic unloading (volume-proportional
assist) relieves the elastic work of breathing for
patients with *stiff lungs’ This gain is adjusted on
a continuous scale in cmH,O/m (applied ventilator
pressure per unit of tidal volume).

¢ The gain of resistive unloading {flow-proportional
assist} relieves the resistive work of breathing for
patients with obstructive airway disease or those with
a high-resistance endotracheal tube. This is adjusted
in cmH,0/1/s (applied ventilator pressure per unit of
airflow}.

¢ The level of PEEP influences the FRC as it does
during other conventional mechanical ventilation

modalities.*®!

A simple way to initiate RMU/PAV in a clinical setting
is to start with zero gains and let the patient briefly breathe
without the assist at constant positive airway pressure
(CPAP). The elastic unloading gain is then gradually
increased to a level judged as ‘appropriate’ by clinical cri-
teria such as reduction in chest wall distortion, tidal vol-
ume size, and regularity of breathing "7 It is likely that
smaller infants will need higher gains of elastic unload-
ing (in absolute terms, that is, in emH,O/ml} as tidal vol-
ume and compliance relate to body weight. As a general
rule, infants with a birthweight below 1000 g usually need
about 1cmH,0O/ml or more of elastic unloading gain
while larger infants need less. The selected gain of resis-
tive unloading should at least compensate for the resist-
ance imposed by the endotracheal tube, This is about

20-30 cnH,0fls of resistive unloading for a 2.5mm ID
endotracheal tube, The required gain settings can also
be calculated from measured or estimated pulmonary
mechanics data.®

THEORETICAL PROBLEMS

If the applied unloading gains are excessive, in that they
surpass lung elastic recoil and/or pulmonary resistance, a
‘runaway’ of the ventilator pressure may occur.*®® In such
a situation, a small initial change in volume {airflow) trig-
gers an increase in ventilator pressure, which then self-
perpetuates through the positive feedback until the
ventilator pressure reaches its set upper limit. At this point
the inflation pressure is automatically aborted to the PEEP
level where it will remain until the cycle repeats with the
next onset of spontaneous inspiratiou. This will turn
RMU/PAV into a modality similar to patient-triggered
veutilation when airway pressure alternates between PEEP
and PIP with each onset of a spontaneous respiratory
effort. A similar ventilator pressure derangement may
occur with a major endotracheal tube leak. The leakflow
mimics inspiration and may cause the ventilator pressure
to repeatedly rise to the set upper pressure limit. Ventilatox
software algorithms, however, can eliminate such leal
effects up 1o a leak of about 30 percent of the tidal vol-
ume.>*® Ventilator software for RMU/PAY in infants must
also reliably recognize hypoventilation and apnea and
automatically initiate back-up ventilation.

CLINICAL STUDIES

While RMU has been extensively studied in small ani-
mals with and without lung injury,3!327:366:367.36% there is
only one published trial in preterm infants.**® This study
compared proportional assist to assist/control and to
conventional mechanical ventilation in a crossover design
involving 36 infants with birthweight between 600 and
1200 g who had wild to moderate acute respiratory ill-
ness, Short-term physiological outcome variables were
evaluated. During proportional assist, the required inean
airway pressures and transpulmonary pressures were
lower at equivalent oxygen concentrations, equivalent
pulmonary oxygen uptake and similar CQ; removal rates.
Under the strictly controlled conditions of the stndy,
proportional assist appeared safe and at least as effective
as the conventional modes. Infants on proportional assist
typically showed a ‘fast and shaliow’ respiratory pattern,
with rates between about 50 and 80/min (Figure 15.7).
Tidal volumes were usually smaller than 5 mi/kg. Propor-
tional assist has not been formally evaluated as the initial
and sole ventilatory modality in preterm infants with
respiratory failure or in infants with other types of pul-
monary or cardiac diseases. Investigations on RMU/PAV
as a means for weaning from mechanical ventilation have
also not been undertaken. Studies are underway to explore
potential benefits of the application of RMU/PAV in

169



170 Respiratory support

Figure 15.7 Tracings of airflow
Vand airway pressure (P, as
recorded between the Y-adaptor

of the ventilator circuit and the
endotracheal tube for o preterm
infant on proportional assist

ventitation. inspiratory airflow is
shown above and expiratory airflow
below the zero-flow line. Note the

choracteristic fluctuations in peak
inspiratory pressure in relation to

the changes in esophageof pressure
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conjunction with other modalities such as SIMV and
partial liquid ventilation.?***12

Future developments are likely to provide improved
ventilator software for RMU/PAY in infants with adap-
tive algorithms to adjust back-up ventilation for apneic
and hypoventilation episodes, The use of body surface
signals to drive the ventilator in the RMU/PAV modes
has a potential to avoid problems associated with endo-
tracheal tube leaks and the additional dead space of the
pneumotachograph ¢

HIGH-FREQUENCY JET VENTILATION (HFJV)

HFJV was originally introduced to provide respiratory
support during bronchoscopy in adults, In this tech-
nique, high-velocity bullets of gas are fired down into the
airways from a small cannula mounted in the endotra-
cheal tube.'”" The ‘bullets’ are fired at rates of 200-600
per minute and this entrains humidified gas down the
endotracheal tube. The ‘bullets’ of high velocity gas stream
down the center of the airway penetrating through the
dead space gas, which simultaneously moves outward
along the periphery of the airway.

Jet ventilators
Keszler and Durand have described jet ventilators in
detail {see below).2*® The Bunnel Left Pulse HFJV is used
in tandem with a conventional ventilator, the latter gen-
erates the PEEP. Short pulses of heated and humidified
gas at high velocity are delivered fo the upper airway
through a narrow injector lumen in the Life Port adapter,
which is a special 15 mm endotracheal tube adaptor. The
‘tandem’ conventional ventilator also provides IMV

Schafler’s? with permission.)

breaths as required, usually at a rate of 2-10bpm. The
amplitude of the HFJV breaths is determined by the dif-
ference between the jet peak inspiratory pressure and the
conventional PEEP.** The InfantStar has a microproces-
sor controlling a set of metered pneumatic valves; this
device acts as a flow-controlled source to produce pres-
sure oscillations in the patient circuit. It also contains a
Venturi system on the exhalation valve to prevent inad-
vertent PEER.'®? The InfantStar is a hybrid of HFJV and
HFO and does not have a jet {(Venturi) effect, which causes
the pulses of gas produced by HFJV to stream down the
center of the airway; there is no acceleration of the pulses
of gas to a high velocity by passage through a narrow ori-
fice.*® Chakrabarti and Whitwam reported a valveless jet
ventilator in which a single breathing tube was used; the
respiratory gas was introduced near the patient’s airway
while a jet in the more distal part of the tube drove the
respiratory gas into the patient’s lungs.% The driving gas
did not take partin gas exchange and there were no valves
in the breathing system.

Jet ventilators may operate like constant-flow time-
cycled ventilators and produce a triangular wavetorm; others
are pressure servocontrolled with square waveforms.
HEJV functions best over a relatively narrow range of inspi-
ratory and expiratory times. If too short an inspiratory
time is used, then a high pressure is necessary to com-
pensate and provide an adequate tidal voluine. An expi-
ratory time below 170 s is associated with gas trapping.

The Life Pulse HFJV is usually started at a frequency of
7 Hz, the frequency altered according to the infant’s time
constant and an inspiratory time of 0.02 seconds.** The
PEEP is increased to 6-8 cmH,0 to optimize lung volume,
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Initially, the same PIP should be employed as used on
CMV, but may require reduction within a few minutes if
improved Jung expansion results in better compliance. A
background IMV rate of two to five breaths, inflation
time 0.4-0.5 seconds is recommended, as these will act as
intermittent sighs to open up the alveoli on inspira-
tion.>*? Weaning, as on HFOV {p. 176), should initially
be by decreasing the FiO,, then the MAP ~ the philoso-
phy being to maintain optimal lung volume at all times.

Clinical studies

Early rescue studies demonstrated that in infants with
severe respiratory failure, HFJV could improve gas
exchange in comparison with that attained on conven-
tional ventilation.”” It also appeared to have a role in sta-
bilizing infants with diaphragmatic herniae. HEFJV has
been suggested to have advantages in infants with gross
air leak. A decrease in the leak chest drains in infants with
bronchopleura} fistula has been noted'” and similarly
reduced flow through tracheoesophageal fistula with
improved gas exchange'® on transfer to HFJV. This
advantage may be due to the very short inspiratory times
that can be used during HEJV. A combination of helium
and oxygen with HFIV may be usefu] in infants with
severe respiratory failure.*'® Infants with abdominal dis-
tention may experience improved gas exchange on HFJV,
as on HFQO {p. 177). Randomized trials, however, have
yielded conflicting resnlts. Carlo et al.% randomized 42
infants with clinical and radiological evidence of severe
RDS to receive either HFJV or conventional ventilation.
There was no significant difference in the mortality (19
percent versus 24 percent), incidence of air leaks (48 per-
cent versus 52 percent) or IVH (33 percent versus 43 per-
cent) in the HF]JV between the two groups. Carlo used
a device that is not commercially available, By contrast,
Keszler et al.?*® demonstrated HEJV was more useful
than conventicnal ventilation in infants with RDS com-
plicated by PIE. One hundred and forty-four infants
were randomized to HFJV or rapid rate, conventional
ventilation. Treatment success (defined as resolution of
PIE for more than 24 hours and substantial radiological
improvement of PIE and reduction of MAP to 40 percent
less than pre-study levels was commoner in the HFJV (61
percent) than the conventional group (37 percent). There
was a trend to a lower incidence of CLD in the HFIV
group (67 percent versus 50 percent). Survival and the
incidence of patent ductus arteriosus {PDA) and intra-
ventricular hemorrhage (IVH) were similar in the two
groups. In a multicenter randomized trial involving 130
patients,”* HFJV use was associated with a reduction in
the incidence of BPD at 36 weeks (20 percent versus 40
percent) and the need for home oxygen in premature
infants with uncomplicated RDS, but no reduction in air
leak. Increasing the PEEP by at least 1 cmH,0 from the

pre-HFJV baseline and/or use of a PEEP level of at least
7 cmH,0 compared to a traditional HFJV strategy of low
airway pressures or conventional ventilation was associ-
ated with better oxygenation. A trial involving 73 infants,
mean gestational age 26.8 weeks, randomized to either
early HFIV or conventional ventilation, however, was
halted for safety reasons, as use of HF]V was associated
with a significant increase in both severe ICH (22 percent
CMYV, 41 percent HFJV) and cystic PVL (6 percent CMV
31 percent HFJV).™? There were no significant differ-
ences in the incidence of CLD between the groups (CMV
19 percent; HFJV 15 percent) or survival without CLD
(CMV 69 percent, HFJV 57 percent).

In infants at near term or term with persistent pnl-
monary hypertension, although HFJV acutely improved
oxygenation and ventilation, there were no significant dif-
ferences In the duration of oxygen therapy, ventilation and
hospitalization or differences in survival without use of
ECMO, but only 24 infants were recruited into the study.'*?
HEJV has been used in combination with surfactant
replacement therapy to support infants with meconium
aspiration syndrome, RDS or pneumnonia. The infants all
had severe respiratory failure despite surfactant treatment,
that is MAP = 12cmH,0, PIP = 30cmH,0, arterial/
alveolar oxygen (a/AO,) ratio <0.1. One hour after being
commenced on HFJV, there were significant improve-
ments in PIP, MAP and the a/AO, ratio. This, however,
was not sustained and further doses of surfactant were
required, Twenty-five of the 28 infants survived, necro-
tizing tracheobronchitis {(NTB} occurred in a prema-
ture infant who died. Meta-analysis of three randomized
trials examining the elective use of HFJV compared to
conventional ventilation demonstrated HFIV is associ-
ated with a reduction in CLD at 36 weeks PMA (RR 0.58,
0.34, 0.98).* In addition, there was a lower use of
home oxygen (RR 0.24, 0.202, 0.79}. Overall, there was a
trend towards an increased risk of PVL, which was not
significant.

Adverse effects

Use of HF]V has been associated with a high incidence of
tracheal lesions; this is due to intraluminal tracheal pres-
sure compromising mucosal and submucosal blood dow
resulting in an ischemic lesion. Although NTB is not
described by all who use HFJV,%! in early series the preva-
lence ranges from 44 to 85 percent.”'* This was origi-
nally thought to be due to poor humidification. Animal
experiments,*” however, demonstrated that HFJV in com-
parison with conventional ventilation always produced the
most tracheal lesions regardless of the level of humidity.
Indeed, the severity of tracheal lesions was directly asso-
ciated with the frequency used and the duration HFTV
was employed. The lesions varied from inflarnmation and
moderate erythema of the airway to severe erosion with
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total tracheal obstruction and are collectively termed
NTB.?! The lesions are also the consequence of the high-
pressure bullets being aimed directly at the trachea, high
mean pressure and the near constant intraluminal pres-
sure, Subglottic stenosis and tracheal webs have been
described after HFJV.*™ Gas trapping can be a feature of
HEJV.# In a rabbit model, before and after meconium
instillation, gas trapping was noted after HFJV but not
HFQ. HFJV may be a risk factor for the development of
PVL, the possible mechanism being the production of
hypocapnia in the first 3 days after birth.**! Other ran-
domized trials of HFTV, however, have found no signifi-
cant differences in the incidence of PVL or ICH between
HF]V and conventionally supported infants. The infants
treated in Wiswell’s study were more iimmature. A post
hoc analysis of Keszler er ol’s trial suggested that ICH/
PVL may be more likely when a low volumne strategy was
used.? In that study, 9 percent of the optimal volume
subgroup had ICH/PVL compared to 33 percent in the
low-pressure HFJV group and 28 percent in the conven-
tioual group. The low-pressure group had significantly
lower carbon dioxide tensions in the first 24 hours.

HIGH-FREQUENCY FLOW INTERRUPTION
{HFFI)

During HFFI, a high-pressure source of flow is inter-
rupted. This can be done using a rotating ball valve
(Emerson device).'** The ball valve is rotated by a vari-
able speed motor and interrupts the heated, humidified
air—oxygen mixture. A valve at the distal end of the
circuit controls the continuous distending pressure.
Frequencies up to 20 Hz {1200/min} can be used. As with
HEJV there is no active expiratory phase.

Clinical studies

HFFI has produced improvements in both blood gases
and radiological appearance of infants with PIE.'*® Frantz
et al.'* were able to support infants with PIE on lower
pressures using HFFI than conventional ventilation. HFF]
may also be useful in the support of infants with meco-
nium aspiration syndrome. This has been reported anec-
dotally* and in a comparative study in a piglet model the
histological changes were less after HFFI than conven-
tional ventilation, In a non-randomized study involving
infants with PPHN,** the HFFI compared to the hyper-
ventilation group required less vasopressor support,
shorter mean time to extubation, shorter time for hospi-
talization and fewer infants with chronic lung disease. In
a raudomized trial comparing HIFI to CMV in prema-
ture infants weighing <1800g and with RDS,**? there
were no significant differences in mortality, incidence of
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air leaks, pulmonary complications or blood gas analysis,
but only 24 patients in total were examined.

Adverse effects

An increased incidence of tracheal necrosis has been
reported in animals ventilated at a frequency of 10 Hz with
a partially valved flow interruptor. Extremely high MAPs
were used and this may be a factor in the pathogenesis of
NTB.!® In a piglet model, prior administration of hydro-
cortisone {2 mg/kg intravenonsly) reduced the severity of
total airway injury following 8 hours of HFFL*

HIGH-FREQUENCY OSCILLATION (HFO}

HFQ is usually delivered at frequencies between 10 and
15Hz (p. 173). In experimentally induced RDS, oxygena-
tion can be improved by using sufficient pressure to pre-
vent alveolar collapse and maintain lung distention, If
oscillations, at least at a rate of 10 Hz {600 bpim), are applied
on top of the mean airway pressure, then carbon dioxide
elimination is ensured. At such frequencies, although the
oscillatory pressures may be high, there is considerable
dampening with less than a 25 percent pressure swing at
the lower end of the endotracheal tube and perhaps 5
percent in the alveoli. HFO has been used to support
neonates with severe respiratory failure (p. 176). Use of
HFQ can also reduce alveolar capillary leak and inhibit
hyaline membrane formation.’*® Thus, it has been pro-
posed that early use of HFO might reduce CLD; that
hypothesis has now been tested in at least 10 randomized
controlled trials.

A variety of techniques have been used to generate HFO.
These include a sine wave pump or a diaphragm driven
by a linear motor {SensorMedics). The Babylog produces
pressure swings by a computer-contrelled diaphragm
oscillating in the exhalation block. During expiration, a
jet Venturi system creates a negative pressure with respect
to the chosen MAP. The software continually adjusts the
inspiratory and expiratory times to ensure the inspira-
tory time is always shorter. The SLE creates a sinusoidal
waveform by a jet rotating in the frequency range 3-20 Hz
in the expiratory limb. The InfantStar has muitiple
solenoid inspiratory valves to create a rapid increase in flow
in the arm of the circuit. The expiratory phase is favored
by a Venturi system in the expiration valve creating sub-
ambient pressure in the exhalation arm of the circuit,
The methed by which HFO is generated influences
the airway pressure waveform.*** The oscillator, which
has a diaphragm driven by a linear motor, delivers an
asymmetrical and complex waveform, whereas the SLE
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has a more sinusoidal waveform. The method of generat-
ing HFO also influences performance as assessed by the
volume delivered. Using apparently similar osciliatory
settings, the SensorMedics delivered much greater vol-
umes, particularly at low frequencies (Figure 15.8).°% As
frequency was increased the volume delivered by all
oscillators falls (Figure 15.8).%* A lab-based assessment
of five oscillators,>® the SensorMedics 3100A, Draeger
Babylog 8000, Merran Humming V, InfantStar and
InfantStar 950, demonstrated that at 15 Hz, confirmed
variation in the delivered voluine at 100 percent ampli-
tude varied from 2.1 to 8.8 ml.** Again, generally the
delivered volume decreased with increasing frequency.
As the frequency is increased there is shorter time for
diaphragm movement with the SensorMedics.®””" The
impairment of oscillator performance with increasing
frequencies has implications for carbon dicoxide elimina-
tion during HFO (p. 174). The oscillators also vary with
regard to whether they have a fixed inspiratory and expi-
ratory ratio. The InfantStar has a fixed inspiratory time
{18 ms), a range of frequencies is achieved by employing
a variable valve-off time, this gives I:E ratios from 1:27 to
1:1.5. The SensorMedics oscillator has a variable inspira-
tory time and HFQ can be achieved with L:E ratios of 1:1
or 1:2. Use of the shorter fractional inspiratory time was
suggested to reduce the risk of gas trapping,®® Measure-
ments using a jacket plethysmograph, however, did not
demonstrate any significant differences in lung volume
as the fractional inspiratory time was increased from 30
to 50 percent.” Oscillators also vary with respect to the
meaning of the displayed MAP.** Compared to the mean
lung distending pressure measured during a brief occlu-
sion maneuver (p. 156}, the displayed mean airway pres-
sure can eitber overestimate when the SensorMedics is used
with 33 percent inspiratory fraction, be approximate with
the InfantStar or underestimate with the Draeger.

HFO techniques

HFO is usually delivered on a background of a constant
mean airway pressure, Certain oscillators (SensorMedics)

can only deliver HFQ in this manner, HFO can, however,
be delivered on a background of conventional ventila-
tion. HFO can be delivered only during PEEP (Draeger)
or on peak nflation (SLE} or throughout the conven-
tional ventilatory cycle (SLE}. There are disadvantages to
the combined technique. The combination of conven-
tional ventilation and HFO will produce the largest
transpulmonary pressure swings, which could increase
CLD {p. 402). To reduce the risk of gas trapping when
HFQ is used in combination with IMV, with the Babylog
HFOQ is stopped for 100ms before a mandatory IMV
breath and then it does not resume for 50 ms afterwards
to ensure adequate time for exhalation.

Manipulation of blood gases

OXYGENATION

During HFO, oxygenation is controlled by the inspired
oxygen concentration and the MAP which controls lung
volume. Oxygenation during HFQ is independent of fre-
quency and tidal volume,* except at very low values.’!
Two ‘volume or pressure strategies’ can be employed dur-
ing HFO; low volume/low pressure® or high volume/high
pressure.®® The former strategy is used with the aim of
reducing barotrawna and the latter to maintain lung vol-
ume above its closing pressure™ and ensure lung recruit-
ment. The high-volume strategy can improve pulmonary
mechanics and is associated with a reduction in the
nspired oxygen concentration and diminished structural
injury.®»#42% HEQ using a high- or low-volume strategy
was compared to conventional ventilation in 20 surfactant-
deficient lung-lavaged rabbits.”®® The high-volume strat-
egy resulted in an FRC of 23.4 mltkg compared to 7.8 and
43 ml/kg in the ‘low-volume’ HFO and conventional
ventilation groups, respectively. Oxygenation was sig-
nificantly better in the high-volume group, who also
had significantly less hyaline membranes and severe air-
way epithelial damage. In both animals with diseased
lungs® and sick newborns,?” increasing MAP on trans-
fer from conventional ventilation to HFQO (high-volume
strategy) improves oxygenation. Whereas transfer to HFO
at the same MAP as used on conventional ventilation
had a variable effect on oxygenation, increasing MAP by
2-5¢mH,0 improved oxygenation in the majority of
infants with severe RDS.*” The mean airway pressure
necessary to optimize oxygenation during HFQ is direcily
correlated with disease severity.”® Infants with severe
RDS with poor gas exchange on conventional ventilation
frequently have very low lung volumes."? Not surpris-
ingly, then, such infants require the largest changes in
mean airway pressure to optimize their lung volume and
hence oxygenation. Such a strategy, however, is not
appropriate to the healthy lung, when alteration of MAP
in modest aiounts does not affect gas exchange,”**! but
large increases cause deterioration in blood gases due to
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lung overdistention.”® Similarly, in ‘healthy’ rabbits, an
MAP level greater than 13 emH,0 was not be tolerated
for prolonged periods, due to cardiac depression.””

For any infant, there is an MAP level at which lung
volume is optimum and hence so is oxygenation. Increas-
ing MAP above that optimum level will impair oxygena-
tion, as will reducing it below that level. The optimum
MAP level will depend on the infant’s disease severity
and hence lung volume. Ideally, prior to transfer to HFO,
the lung volume should be assessed and then the MAP
increased accordingly.''® Measurement of functional resid-
ual capacity using a helium gas dilution technique, how-
ever, is usually only available in the context of a research
setting. An alternative approach is to use computer-assisted
assessment of the lung area on the chest radiograph lung
area;''? using such a technique ling area was shown to
correlate significantly with the change in MAP necessary
to optimize oxygenation. In a piglet model, direct current
coupled respiratory inductive plethysmography (RIP)
{p. 112} has been shown to accurately detect lung over-
distention during HFO;*** whether such an approach in
the clinical setting would be useful remains to be tested.
Measureinent of respiratory system compliance through-
out lung volume optimization, however, has not proved
useful.*® Although CRS was inversely related to the opti-
mal distending pressure, as we had noted previously,’
CRS remains unchanged throughout lung volume opti-
mization in infants with RDS.*" In the absence of such
measuremnent technique, the clinician should increase
MAP in incremental steps, allowing sufficient time for
lung volume to equilibrate. Measurement of lung volume
using an inert gas (SF6} technique demonstrated that, in
the majority of infants, lung volume equilibration occurred
within 10 minutes of an MAP change, but in some infants
up to 20 minutes was required.*® In clinical practice,
infants transferred to HFO should be continuously mon-
itored by assessment of oxygen saturation or preferably
by invasive arterial oxygen measurements. Changes in
MAP should only occur when such continucus mon-
itoring indicates that there are no further changes in
oxygenation,

The relationship between the mean airway pressure
displayed on any given oscillator and the mean alveolar
pressure in the infant’s lungs will vary with the device. In
the SensorMedics at 30 percent inspiration the mean
alveolar pressure is lower than displayed; the same is true
for the InfantStar. For the Humming Bird and possibly
other sine wave generators with an UE ratio of 1:1, the
displayed and actual pressures are about equal but, if using
a Draeger Babylog 8000, the intrapulmonary pressures
will be higher than the displayed pressure.”% This has
practical implications if a hospital has more than one type
of oscillator. For example, a switch from a SensorMedics
3100A to a Draeger ventilator at a display pressure of
12e¢mH,0 could result in a 5-8 cmH,O abrupt increase
in distending pressure.?%
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CARBON DIOXIDE ELIMINATION

Carbon dioxide elimination during HFQO is usually inde-
pendent of MAP*!" Indeed, one of the desirable features
of HFQV is independent control of PaCQO, with amph-
tude adjustments and PaC, control with MAP adjust-
ments.?% This does not, however, occur with the Draeger
at low MAP and high amplitude; if the MAP is then
increased so is volume increased and hence CQ; elimina-
tion. The explanation for this is that it avoids subjecting
the airways to subatmospheric pressures and inducing
flow linitation and traumatizing tissues. As a result, dur-
ing the expiratory phase of the oscillatory cycle, the
machine would pull out of the lungs only until the air-
way pressure became subatmospheric.® Carbon dioxide
elimination is affected by the frequency and the delivered
volume (squared).”’” The delivered volume is mainly
influenced by the amplitude''? and much less by fre-
quency between 10 and 15 Hz, particularly in an infant
with stiff Jungs.*** The inspiratory to expiratory ratio, as
this also influences delivered volume, will also affect
carbon dioxide elirnination.'

Frequency

During HFO, the delivered volume night be expected to
be greatest at the resonant frequency of the respiratory
system. Phase analysts to determine the resonant frequency
of infants with RDS demonstrated the resonant fre-
quency remained remarkably constant in the early stages
of the illness (within 2 Hz in eight babies and within 6 Hz
in all 12 babies studied) despite larger changes in compli-
ance {increases in compliance over the first 7 days varied
from 27 to 129 percent).?® In post mortem specinens of
severe RDS the resonant frequency was found to be
between 15 and 23 Hz,'* and those data correlated with
the relationship of maximum volume delivery to fre-
quency in a clinical study of infants with RDS.?* In that
latter study, however, a piston oscillator, which delivered
a constant voluine regardless of frequency, was used,
whereas the volume delivered by commercially available
oscillators decreases as frequency is increased (p. 172).2%
Thus, in the clinical setting increasing frequency should
result in improvements in delivered volume as the reso-
nant frequency is approached but this is counterbalanced
by impairment of oscillator performance. Hence, although
increasing from 10 to 15 Hz resulted in a significant change
in carbon dioxide elimination, the size of the change was
small and not clinically significant.”® Reducing the fre-
quency below 10 Hz, particularly with the SensorMedics,
results in a much greater volume delivery and hence can
be a useful maneuver in term infants with severe respira-
tory acidosis,

I:E ratio

Pillow and colleagues measured the mean airway open-
ing pressure at the alveolar pressure using the alveolar
capsule technique in four adulf rabbits receiving HFO.>?°
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They found that at I:E ratios of 1:1, there was essentially
no difference between the mean airway opening and
mean alveolar pressure, supporting the claim that this I:E
ratio is not associated with airtrapping.” They also
showed that at I:E ratios of 1:2 the mean alveolar pres-
sure was significantly reduced compared to the airway
opening pressure and this reduction was directly related
to the frequency of oscillation, the size of the endotra-
cheal tube, the tidal volume and the difference between
the inspiratory and expiratory flow rates. This difference
could exceed 6 cmH,0O under clinical conditions. Their
conclusion was that an LE ratio of 1:1 was preferable, as
the reduction in alveolar pressure was unpredictable and
could change as ventilator settings and lung mechanics
altered. Increasing the LE ratio from 1:2 to 1:1 in the
clinical setting has been shown to increase the delivered
volume and hence carbon dioxide elimination.!'® In
addition, if no compensatory changes in flow are made,
MAP and oxygenation were higher at the 1:1 [:F ratio,''
As such a maneuver has not been associated with gas
trapping in infants,” except in very immature infants
requiring MAP of less than 8 cmH,0, our preferred start-
ing L.E ratio is 1:1.

Mechanism of gas exchange

During certain forms of oscillation, the delivered volume
is less than half the dead space and thus gas transport
cannot be by convection. There is gas transport between
gas exchanging units, as some alveoli will empty or fil
faster than others (Pendelluft}. Turbulence, due to high
frequency fluctuations and augmented diffusion may also
enhance gas exchange during HFO. Some alveoli close to
the airways, however, are directly ventilated even at tidal
volumes smaller than the dead space. In the clinical set-
ting, Dimitriou et al,'"* using recognized techniques of
tidal volume measurement at very fast frequencies,”'"’
found that the delivered volume in a number of infants
was at least 50 percent of the infant’s estimated dead
space;™®! thus conventional gas exchange can take place
duting HFO.

Clinical use of oscillation
TRANSFER FROM CONVENTIONAL VENTILATION
(FIGURE 15.9)

Prior to transfer to HFQ, it is important to ensure an
appropriately sized endotracheal tube is being used and,
if not, changed to a larger tube. Down the length of the
endotracheal tube there is attenuation of the oscillatory
amplitude signal. The degree of attenuation was greatest
with smaller endotracheal tubes and lower oscillatory
amplitudes. For all oscillators tested,”®* this amounted to
between 35 and 45 percent attenuation. This attenuation
resulted in a lower volume delivery; compared to a
2.5mm endotracheal tube, the volumes delivered via a

Frequency 10 Hz
1:Eratio 1:1
MAP 2 cmH,0 > (MY

T Amgplitude till chest wali bouncing
{N.B. Check Paca, if no accurate
continuous monitoring available)

T MAP in 2 emH;0 increments
waiting at each siage for
equilibration of oxygenation
{1020 minutes)
and iFioz accordingly

Fio,=0.3 fio,= 0.3

CXR to assess lung volume  €XR to assess lung volume

- if non-optimal alter MAP (page 000)

— if optimal and BP appropriate
ECHO to assess if pulmonary
hypertension

Figure 15.9 Osciffotory seitings during transfer to rescue
HEQ (high-volume strategy).

3.5mm endotracheal tube were on average 20 percent
higher.” A similar comparison during conventional
ventilation results in only a 2.4 percent difference in the
delivered volume. If a high-volume sirategy is to be pur-
sued, then a MAP at least 2 cmH,O higher than that used
during conventional ventilation should be vsed initially.*’
The MAP should then be increased in incremental stages,
continuously monitoring oxygenation., The oscillatory
amplitude is increased until the chest wall is ‘bouncing’ It
is important to ensure, prior to transfer, that the infant
is normovolemic and normotensive. HFQ aggravates
hypotension due to hypovolemia and this must therefore
be corrected if HFO is being considered. As oxygenation
improves, the inspired oxygen concentration should be
reduced, preferably down to 0.30, before the MAP level is
decreased. Some infants initially show an improvement
in oxygenation on transfer to HFO when MAP is increased,
but then it is not possible to reduce the FiO, to the desired
level. Such infants frequently have associated pulmonary
hypertension and it is important to perform an echocar-
diographic examination. For affected infants, additional
or alternative respiratory support should be used. If an
inhaled pulmonary vasodilator is to be employed, it is
essential lung volume is optimized (p. 184). If transfer
to high-volume strategy HFO is contemplated, prior to
transfer it is important to increase the PEEP and hence
MAP level. Improvement in oxygepation in response to
PEEP clevation indicates that a high-volume strategy
HFO will improve gas exchange, whereas if there is no
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improvement in oxygenation, high-volume strategy HFC
is unlikely to be helpful.

MANAGEMENT DURING HFO

It is essential to perform a chest radiograph soon after
commencing HFO to ensure adequate lung expansion has
occurred and there is no evidence of overexpansion. Once
optimum lung volume has been established, it is impor-
tant that lung volume is maintained. This has implica-
tions for nursing procedures, particularly regarding
suction. Any procedure which requires the infant to be
disconnected from the oscillator should be done as infre-
quently and as quickly as possible. It is preferable to use a
closed system suctioning device (p. 237). Hand ventila-
tion is a relatively ineffective method of volume recruit-
ment.”* Once reconnected to the oscillator, therefore, to
attain an appropriate Jung volume, stepwise increase in
MAP above the predisconnection level might be neces-
sary to restore oxygenation.

Routine paralysis is not necessary during HFC, In the
HIFI trial only 17 percent of infants were paralyzed because
of agitation or adverse respiratory efforts.” It had been
suggested from animal studies that HFO induces apnea.
In pur own experience apnea is uncommon, although a
significant reduction in respiratory rate does occur on
transfer to HFQ.”® Continuance of respiratory efforts dur-
ing HFQ does not necessarily impair gas exchange in the
majority of infants.”

Changes in oxygenation are, therefore, first counter-
acted by manipulation of MAP accompanied, if neces-
sary, by performance of a chest radiograph to assess if the
infant is over- or underinflated. Alternative causes of poor
oxygenation should also be sought, that is, hypotension
and anemia. Changes in PaCCO, are controlled by alter-
ations in the osciilatory amplitude; if the PaCC; has
increased, the oscillatory amiplitude should be elevated and
vice versa. Only in cases of severe respiratory acidosis on
high amplitudes, are frequencies less than 10 Hz required.

WEANING THE INFANT FROM HFO

It is important to maintain lung volume to optimize oxy-
genation, thus, as recovery from RDS begins, the inspired
oxygen concentration should be turned down before
altering the MAP level {p. 175}. Once the inspired oxygen
concentration has been reduced to 30 percent, the MAP
is then reduced in 2 emH,O steps at a rate dictated by the
blood gases. If weaning is performed too rapidly, atelec-
tasis will occur and it is necessary to increase the MAP
level above that at which the weaning process occurred to
optimize respiratory status once more. Once the MAP
level has been reduced to 8 cmH,O there are two options
for further weaning. One option is to extubate the infant
directly from HFOQ. The second option is to change the
infant to a short period of PTV prior to extubation; such
a policy is facilitated by the machines that offer a choice
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of oscillation, triggered and conventional ventilation. A
period on PTV can be useful to confirm that the infant
has adequate respiratory drive to ensure successful
extubation.

Clinical studies

Initial studies demonstrated that during HFO, compared
to conventional ventilation, adequate gas exchange could
often be achieved at lower pressures'*” and inspired oxy-
genation concentrations.”® Other studies demonstrated
that a high-volume strategy HFOQ could improve gas
exchange in infants whose respiratory failure was poorly
responsive to conventional ventilation despite use of sur-
factant as appropriate.”* Comparison with non-random-
ized controls suggested that a policy of initiating HFO
immediately after intubation and attempting early lung
volume optimization before surfactant was administered
in VLBW infants could shorten the need for respiratory
support and significantly reduce the incidence of chronic
lung disease at 36 weeks postconceptional age (PCA)
(0 pexrcent versus 34 percent}.** The number of infants
recruited into the study (7 = 71) was small, but the results
are in keeping with those from animal studies. HFO begun
at birth has been shown to limit the development of
alveolar proteinaceous edema in premature primates at risk
of RDS. %28 15 addition, results suggested that HFQ
might be a useful alternative to ECMO. In one series, 46
of 50 infants referred for ECMO were first tried on HFO
and approximately haif the infants were successfully
mnaintained on HFO without recourse to ECMO.%* There
were no significant differences between the HFO and
ECMO groups regarding mortality or hospital stay, but
greater morbidity was experienced in the ECMO cohort.

PREDICTION OF QUTCOME

Transfer to HFO may fail to improve oxygenation. Results
from anecdotal studies have shown that a lack of improve-
inent in oxygenation within 6 hours of transfer is signifi-
cantly associated with an increased risk of mortality’™*%
or survival with disability.™* A low oxygen intake {OI)
and AaDQO, at the beginning of oscillation and no devel-
opment of air leak syndromes have been associated with
higher survival **

SPECIFIC RESPIRATORY CONDITIONS

Meconium aspiration syndrome {MAS)

The effect of MAS on the lung varies according to the
severity of the disease and age since birth (p. 338). When
the disease has produced a very asymmetrical picture,
HFQ is less successful and this may explain.the conflict-
ing results from animal studies (p. 345). Randomized tri-
als of term or near-term infants have included those with
MAS, but also infants with other respiratory conditions;




no differences in major outcomes were found between
those supported by HFO compared to those on CMV, The
combination of HFQ and inhaled nitric oxide (iNQ) in
MAS infants, however, has been shown to reduce ECMO
requirement.”® On current evidence, use of HFO in MAS
should be restricted to rescue support, particularly in
those infants with relatively symmetrical lung disease.

Severe abdominal distention

Infants with severe abdeminal distention often have
reduced lung volume and impaired diaphragmatic move-
ment resulting in poor gas exchange on conventional
ventilation. Recruitment of lung volume and improve-
ment in gas exchange can be achieved in affected infants
by use of high-volume strategy HFQ.!**

Air leak syndrome

Infants whose gas exchange deteriorates because of the
development of a pneumnothorax, clearly respond better
to drainage of the pneurnothorax rather than simpiy being
transferred to HFC. Only when successful drainage has
been accomplished, if gas exchange remains poor, should
HFO be considered. In a prospective non-randomized
study,’® transfer of infants with PIE to HFOV at the
same MAP resulied in improvements in gas exchange
and no compromise to cardiac output {(CO}. Infants with
PIE pose a difficult challenge and, as they have relatively
compliant lungs,®® easily suffer severe lung overdisten-
tion despite relatively modest increases in MAP which
could compromise cerebral circulation. Transfer of infanis
with PIE to HFO, therefore, should be at the same MAP
or lower than that used during CMV. Oxygenation should
be improved by elevating the inspired oxygen concentra-
tion and arterial oxygen levels of 6-7 kPa (45-52.5 nmHg)
accepted, providing this is not causing compromise, for
exarnple being associated with a metabolic acidosis.

RANDOMIZED TRIALS

Severe respiratory failure

Term neonates. There has been only one randomized
trial comparing HFO and conventional ventilation in
term or near-term infants with severe respiratory
failure.®® Treatment failure criteria were well defined
and a greater proportion of the infants ineeting those
criteria in the CMV group could be rescued by HFO
than vice versa (63 percent versus 13 percent, P = 0.03),
that was despite significantly more of the HFO group
meeting ECMO criteria at randomnization (67 versus
40 percent, P = 0.03). There were, however, no signif-
icant differences in the longer-term outcomes of the two
gronps, for example requirement for ECMO (RR 2.05,
0.85-4.92), days on ventilator or in oxygenation or
hospital #

Preterm neonates. Siinilarly, there has only been one
trial comparing HFQ to conventional ventilation in
preterm neonates with severe respiratory failure. The
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positive finding from that study was that use of HFO
was associated with a reduction in new pulmonary air
leak developing (RR 0.73, 0.55-0.96), the number of
infants needed to be treated to prevent one infant
having a pulmonary air leak was six (95 percent CI 3,
37). There was, however, no difference in the rate of PIE
or gross pulmonary air leak, mortality or use of IPPV at
30 days between the two groups.”'" In addition, the rate
of ICH of any grade was increased in infants treated with
HFQO (RR 1.77, 1.06-2.96}. This means that for every six
infants (95 percent CI 3.50) treated with HFO, one ICH
would be caused.

Prophylactic trials

There have been at least 10 randomized trials in which
infants have been randornized to HFOV or CMV in the
first 24 hours. They have differed with respect to ante-
natal steroid and postnatal surfactant usage, the exact
timing of randoinization and the type of conventional
ventilation and ventilator employed. Importantly, no
lung recruitment strategy was used in the control groups
of the majority of trials and this may have influenced the
outcoime, as pressure-controlled ventilation with sufh-
cient level of PEEP and small driving pressure ampli-
tudes is as effective as HFQOV in maintaining optimal gas
exchange, improving lung mechanics and preventing
protein influx.*® Meta-analysis*” of the results of the six
randoinized trials®#H183:306335:411 - demongtrated HFO,
particularly if a lung recruitment strategy was used, was
associated with a reduction in CLD. No significant differ-
ences in mortality were noted, but there was a tendency
towards an increase in ICH and air leak.™ A subse-
quently reported randomized trial,”® however, demon-
strated that the only positive effect of HFO was that fewer
of the HFO-supported infants required two or niore
doses of surfactant (30 percent versus 92 percent, odds
ratio 0.27, 95 percent CI 0.16-0.44). There was, however,
no significant difference in CLD and a greater propor-
tion of the HFO group developed severe intraveniricular
hemeorrhage (24 percent versus 14 percent}; this trend
was no longer significant when adjusted for differences
in pregnancy-related hypertension between the two
groups. In that study, surfactant therapy was given and ail
the researchers taking part were experienced in oscilla-
tion. Since the study, the OFHI oscillator used has been
withdrawn from clinical service, which has led some to
suggest its use may explain the poor results of Moriette’s
trial.*? In bench studies, however, the OHFI oscillator
has been shown to perform similarly to other oscillators.””
An alternative explanation for the difference in Moriette’s
results compared to previous trials was that in the earlier
studies there may have been less than optimal use of con-
ventional ventilation. The UK Oscillation Study (UKOS),
which recruited more than 800 infants, has recently been
completed. All researchers who took part in the study
were experienced in both conventional and oscillatory
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ventilation and there was a high usage of both antenatal
steroids and postnatal surfactant. No statistically signifi-
cant negative or positive results were demonstrated by that
trial. Three different oscillators were used, but all have
been shown to function similarly at the settings used in
that trial. 2% It thus seems unlikely that the oscillator types
resulted in the ‘negative’ results. A more plauvsible expla-
nation is that the lack of effect reflected that the researchers
were all experienced with both ventilatory modes. An
interpretation of those data is that HFO and CMV are
equally effective when started soon after birth, but it should
be noted that the results were generated in the context of
a randomized trial and all patients, regardless of alloca-
tion, do better in such a study {Hawthorne effect). There
are continuing concerns about the adverse effects of
HFO regarding intracerebral pathology, particularly in
inexperienced hands; for that reason we no long use
HFO ‘prophylactically’

ADVERSE EFFECTS

During high-volume strategy HFQ, the constant mean
airway pressure and intrathoracic volume could increase
the risk of depressing organ blood flow and diuresis. In
one series,”” however, premature infants less than 30 weeks
of gestational age randomized to HFO, despite being
exposed to higher mean airway pressures, had similar
reductions in extraceilular volumes and onset of diuresis
to those infants randomized to the conventional group.
In the HIFI trial, HFO compared to conventional ventila-
tion was assoctated with a significantly higher rate of grade
3 and 4 TVH and periventricular leukomalacia (PVL).
This adverse effect was suggested to be due to the near-
constant MAP used during HFQ resulting in compro-
mise of venous return, in turn leading to a rise in cerebral
venous pressure and decrease in cerebral blood flow. The
hypothesis was initially supported by studies in baboons,'®
but more recently HFO was not found to cause any
adverse effects on cenfral venous pressure, cardiac out-
put or cerebral blood flow in the same animal model.?*
Interestingly, in the HIFI trial,’ a ‘low-volume, fow-
pressure’ strategy was employed® and in two subsequent
studies when a high-volume strategy was used, no such
excess of cerebral pathology was noted ***% Indeed, in
the latter study, a reverse trend was noted with 9 percent
PVL in the conventional group compared to 2 percent in
the HFO group. The laiter two studies recruited many
fewer infants than the HIFI trial and thus a type Ii error
cannof be discounted. A meta-analysis published in 1996
of randomized trials,”® including the HIFI study, demon-
strated trends towards an increase in all IVH and grade 3
and 4 IVH when HFO was used and a significant effect
regarding PVL (OR 1.7, 95 percent CJ] 1.06, 2.74). Those
trends, however, disappeared when the results of the
HIFI trial were removed. One explanation® for the con-
flicting results regarding the incidence of IVH between

the studies™" is population and/or management differ-

ences between centers involved in the trials, The inci-
dence of IVH experienced in the HIFI trial overall was
very much higher than that experienced by infants sup-
ported either conventionally or by HFO in the Japanese
study.>® In addition, the incidence of grade 3 and 4 IVH
varied from 6 to 44 percent between centers in the HIFI
trial; those differences were greater than that experienced
between the HFO and conventional ventilation groups.?
Subsequent meta-analyses’ have failed to demonstrate a
significant relationship of an increase in ICH and HFO.
There remain, however, the concerning data of Moriette
et al.?*? Criticisms levelled at the HIFI study, lack of expe-
rience of certain researchers in the trial and an inappro-
priate strategy did not occur in Moriette’s study. Increased
intracerebral pathology during HFO might occur as a
result of lung overdistention or rapidly reduced carbon
dioxide tensions. Large increases in mean airway pressure
to optimize oxygenation could reduce vencus return,
increasing intracerebral blood volume and intracranial
pressure with a consequent reduction in cerebral blood
flow. Assessment of cerebral blood flow velocity (CBFV)
using a continuous Doppler blood fiow measurement
technique,”’ however, revealed no change in CBFV as
mean airway pressure was increased during volume opti-
mization on HFO. In two individuals, however, large
changes in CBFV occurred on transfer tc HFO and these
were associated with narked changes in carbon dioxide
tensions. Those results emphasize that if HFO is to be
used safely, continuous carbon dioxide monitoring should
be employed.?” Other possible adverse effects relate to
the noise generated during HFO; this particularly applies
to the SensorMedics oscillator. The maximum level of
noise recommended by the US Environmental Protection
Agency is 55dB during waking hours and 45dB during
sleeping hours in the neighborhood, but 45 and 35
respectively in the hospital setting.'?

FOLLOW-UP

Respiratory

Follow-up studies have usually demonstrated similar
lung function in children who had been supported by
HFO compared to those who had received conventional
ventilation. Pulmonary mechanics measured serially up
to 4 weeks of age in 43 infants who had been randomized
to HFO or conventional ventilation revealed no signifi-
cant difference in lung funciion between the groups, but
the sample size was small. In addition, the incidence of
BPD did not differ (57 percent in the HFO group; 50 per-
cent in the conventional ventilation group).! In 53
infants lung function was measured prior to discharge;'!
although both groups had abnormal lung function,
decreased lung compliance and elevated pulmonary
resistance, there was no significant difference between
infants treated conventionally or by HFO. Follow-up of
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children aged 8-9 years who were entered into the HIFI
trial demonstrated a mildly obstructive pattern in the
prematurely born children. More severe obstruction was
seen in the children who had physician-diagnosed asthma
or who had used bronchodilators in the past. The preva-
lence of abnormalities, however, was similar regarding
the two forms of respiratory support.'® Eighty-seven per-
cent of infants who were originally assigned to receive
treatment with HFO or CMV in the Provo trial have been
examined at a mean age of 77 months. There were no dif-
ferences in the frequency of hospitalization, pulmonary
illness, asthma or disability. Unusually, in that study,
patients randomized to treatment with CMV had worse
lung function at follow-up, as evidenced by lower peak
expiratory flows, increased residual lung volume and
maldistribution of ventilation.'$*

Neurodevelopmental

No significant differences have been found in infants
entered into prophylactic trials related to mode of venti-
lation. Bayley psychometric evaluations and central nerv-
ous system examinations were performed at 16-24 months
in 77 percent of survivors from the HIFI trial. Cerebral
palsy was diagnosed in 10 percent of the HFO and
11 percent of the conventional ventilation group. There
was a significantly higher incidence of hydrocephaly
(12 percent versus 6 percent, P << 0.05) and lower nor-
mal neurological status, Bayley score >83 (54 versus
65 percent, P < 0.05) in the HFO compared to the con-
ventional ventilation group. No significant difference
in respiratory status or growth was found between the
groups.” Growth, verbal 1Q and motor development
were appropriate for age and did not differ between the
two groups.'™ By contrast, in infants exposed to rescue
HFQ at 2 years of age compared to case controls matched
for gestational age, the HFO infants had worse neuro-
developmental outcome, particularly if born at very early
gestational ages.'*®

EXTRACORPOREAL MEMBRANE
OXYGENATION {ECMO)

This is a form of cardiepulmonary bypass. Initially intro-
duced for adults, it was abandoned when randomized trials
failed to demonstrate it improved survival over that
achieved by conventional therapy. Bartlett et af.?® reacti-
vated interest in this technique, but for use in neonates.

Technique

There are two forins of ECMO; venoarterial (VA), in
which blood is taken from the right jugular vein and
returned via the right commeon carotid artery, and veno-
venous {VV)} in which blood is taken from the right

jugular vein and returned usually through the femoral
vein, although the umbilical vein has also been used. VA
ECMO has the advantage that approximately 80 percent
cardiopulmonary bypass is achieved and thus the level of
respiratory support can be reduced, limiting further
barotrauma. The disadvantage of VA is that there is the
potential for clots or air to enter directly into the arterial
circulation. In addition, in the smallest babies carotid
artery reconstruction® following decannulation may be
difficult and carotid artery ligation is not without risk.*”
During venovenous ECMQ, cardiopulmonary bypass is
not attained and thus the infant must have good myocar-
dial function. In addition, femoral vein ligation follow-
ing decannulation may result in leg edema. There have
not been head-to-head trials of VA versus VV ECMO.
Using data from the ELSO registry, however, a2 matched-
pair analysis was undertaken which highlighted that
there was a survival advantage for VV ECMO (91.5 per-
cent versus 83.8 percent).'”®

ECMO CIRCUIT (FIGURE 15.70)

In both VA and VV ECMO, the venous blood is pumped
to an oxygenator which has blood and gas compartments
separated by semipermanent membranes where diffu-
sion of oxygen and carbon dioxide occurs. Oxygen trans-
fer is controlled by the membrane’s surface area, pump
flow and the degree of saturation of the ‘venous’ blood.
Carbon dioxide elimination is adjusted by altering the
flow rate; it is often necessary to add CO; to the blood
returned to the infant. Prior to returning to the infant,
the blood is passed through a heat exchanger, as heat is

Infusion sites for hyperalimentation, some
blood products, medications and heparin

Infant pBladder box

Brid
nidge Pump
Blood sampling sites
for venous blood gases,
iahoratory analysis,
activated clotting time
L J
Oxygenator
+— platelets infused
— arterial biood gases
v

Heat exchanger

Figure 15.10 Diagrammatic representation of an ECMO
circuit.
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lost in the oxygenator due to its large surface area. It is
obviously essential that the blood is pumped around the
circuit at a rate compatible with the venous return; to
ensure this there are a variety of devices which can be
incorporated into the circuit. One such is a bladder box,
which contains a sensor to detect collapse ot overexpan-
siont of the bladder; the sensor then controls the pump
speed accordingly. Another device is a dual transducer,
which measures pressures on both sides of the circuit.
Centrifugal pumps provide simple and safe technology
for transportation on ECMO. Non-occlusive punips,
centrifugal pumps or the assistence respiratoire extracor-
porelle (AREC) systern which enables single needle VV
ECMO, have been successfully used in ECMO for neo-
natal, cardiac and pediatric patients.**

It is possible to infuse and sample from various points
in the circuit (Figure 15.10). Most infusions are adininis-
tered prior to the bladder box, which functions as an air
trap. Platelets, however, are infused after the oxygenator
to reduce the risk of aggregation.

Management during ECMO

The largest cannulae possible should be used, 12 or 14
FG, as the catheter’s diameter influences the flow rate that
can be attained. Paralysis is necessary for the insertion of
the cannula, but need not be maintained throughout the
ECMO period. Continuous sedation should be adininis-
tered, but problems with fentanyl have been experienced,
including the development of tolerance and depend-
ence.'? Fully heparin-bonded circuits are not presently
available. As a consequence, it is necessary to heparinize
the infant and measure that an appropriate level is main-
tained by performing serial estimations of the activated
clotting time (ACT). The infant’s packed cell volume
should be maintained at 40-45 percent by transfusion
when necessary and platelet infusions are given to keep the
platelet level above 75000 mm?.>7¢ In critically ill patients
maintained on ECMQ, renal function is often inade-
quate, This is best dealt with by putting a hemodialysis
unit in the circuit.

During ECMO, the PaQ; is kept between 80 and
100 mmHg and PaCO, 40 and 50 mmHg >’ In VA ECMO,
once cardiopulmonary bypass has been achieved, the
level of respiratory support can be reduced. Atelectasis,
however, can be a problem and high {(10-12e¢mH,0)
rather than low (2-5cmH,QO) levels of PEEP are more
successful in preventing a deterioration in lung function
and in shortening the duration of ECMO.>!

WEANING

This is achieved by gradually reducing the flow rate.
When only a low flow rate is needed, then the circuit is
clamped and blood diverted across one of the ‘bypass’

bridges. If blood gases are maintained after a few hours,
then the infant will be decannulated.

Eligibility for ECMO

ECMO facilities are limited and it is important to reserve
ECMO for an infant who has a high chance of recovery
within a short time. Conventional therapy is extremely
successful in the majority of infants, even those with
severe respiratory failure, and ECMO has complications
{p. 182). It is therefore desirable to further restrict ECMO
use to those infants who would respond poorly to con-
ventional therapy. Previously an OI greater than 40 had
been used as this had been associated historically with
>80 percent mortakty. In the UK ECMO trial, an OI
of =40 was only associated with a 4] percent mortality,
which may reflect adoption of newer techniques of respi-
ratory support and that an Ol of 40 is no longer an

appropriate level on which to recommend institution of

ECMO. Guidelines for ECMO use have been drawn up

(Table 15.6). It has been estimated that between 1 in 3400

infants*® to 1 in 4000 infants**! in the UK require ECMO.

Clinical studies

MORTALITY

Up to January 2002, 18 546 neonates had been reported
to the ELSO Registry as receiving ECMO worldwide; sur-
vival during ECMO was 86 percent in respiratory and 56
percent in cardiac cases. Survival to discharge was 78 per-
cent and 39 percent, respectively, Infants from Europe
reported to the Registry overall had 74 percent survival

Table 15.6 ECMO efigibility

Birthweight > 2.0 kg

Gestational age > 34 weeks (85 percent of infanis in

one series® with gestational age <35 weeks

developed intracranial hemorrhage on ECMO)

No bieeding disorder

No congeniial abnormality incompatible with

guality life

Disorders with short-term reversibility — usually

interpreted as having received less than 10 days’

aggressive mechanical ventilation

A predicted mortality >80 percent {this is usually

determined from historical controls)

— AaDQ; = 610 mmHg for 8 hours (associated with
79 percent mortality by Beck ef al.33)

— AaDO, > 620 mmHg for 12 hours?®

— Oxygen index > 40*

.

AaDO0; = A0, X (760 —47 mmHg) — Pa0, — Pa0, where
760 mmHg =atmospheric pressure and
47 mmHg = water vapour pressure,
*Oxygen index = {mean airway pressure X Fid)f
{Pa0; (postductal) X 100).
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rate, more than 90 percent of MAS infants surviving but
only 50 percent of CDH infants surviving. There is also a
mortality related to transporting infants to a center for
ECMO." Factors influencing survival include the ECMO
center’s experience’’ and the infant’s birthweight,>*
mortality being higher in infants of lower birthweight.
In addition, the original diagnosis has an important
inﬂuence OI1 OUuicome.

CDH INFANTS

Poorer survival rates are reported for infants with CDH;
this appears to be related to complications such as
bleeding and renal failure.?®> In addition, the severity of
pulmonary hypoplasia and pulmonary vasculature abnor-
mality of some infants with CDH is such as to be incom-
patible with kfe despite ECMO. It is obviously desirable
to detect such infants prior to embarking on ECMO. it
has been suggested that such factors as failure to achieve
satisfactory oxygenation (preductal PaQ, > 100 mmHg)
on maximum therapy or a PaCO,; < 50 mmHg can iden-
tify such individuals.”®® Initial assessment of PDA flow
may help predict ECMO outcome,'” with right-to-left
PDA flow suggesting a worse outcome. Antenatal diagno-
sis and transfer of the mother prior to birth to an ECMO
center did not improve the outcome of CDH infants.*
The mode of ECMO in CDH also does not appear to
influence survival.'” Interrogation of the ELSO Registry
for newborns with CDH treated with ECMO during a
10-year period demonstrated VA ECMO was utilized in
2257 and VV ECMO in 371. The pre-ECMO status of the
two groups was similar, but there was greater use of sur-
factant and inotropes in the VV group. Survival rate was
similar (58.4 percent for VV and 52.2 percent for VA),
but VA ECMO was associated with more seizures (12.3
percent vs 6.7 percent) and cerebral infarction (10.5 per-
cent vs 6.7 percent}. Sixty-four treatments were converted
from VV to VA.'#

BPD INFANTS

Search of the ELSO Registry revealed the survival rate of
ECMO-treated BPD infants was 78 percent.’'? Results
from a single institution, however, highlighted a high rate
of pulmonary prolonged ventilator dependence of many
months and neurodevelopmental sequelae.'?

TRISOMY 21

Between 1984 and 1999, 15 942 infants including 91 with
trisomy 21 were placed on ECMO. The infants with
trisomy 21 were over-represented in the ECMO infants
compared to the general population, perbaps as a result
of delayed extrauterine pulmonary vascular adaptation,
as manifested in the high rate of primary persistent
pulmonary hypertension as the primary diagnosis. The
survival to discharge was lower in the trisomy 21 patients
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(65.9-75.6 percent} because of increased post-ECMO
mortality.**

OTHER DIAGNOSES

In a series of three infants, ECMO was suggested to be
beneficial in infants with therapy-resistant gastric rup-
ture, all three infants surviving despite two having devel-
oped major hemorrhagic complications.>” Use of ECMO
to manage ventilation during tracheal repair of children
with trachea] stenosis and obstruction may allow better
visualization at the surgical site and obviates the need
for indwelling endotracheal tubes and high-pressure
ventilation,»*

RANDOMIZED TRIALS

The first two trials recruited in total only 31 infants and
their study designs were criticized.**" The trial of Bartlett
et al.>” used a ‘play the winner' analysis. This meant that
after success or failure of the first patient’s treatment,
subsequent randornization was biased towards a success-
ful outcome and away from a non-successful outcome.
The frst patient was randomized to conventional venti-
lation and died; the next 12 infants were randomized to
ECMO and 11 survived. The trial was then terminated as
the results were significant in favor of ECMQO. In O'Rorke’s
study,”” a maximum of four deaths were pernitted in
either arm of the trial. Four of 10 infants who received
conventional ventilation died, but the nine who received
ECMO survived. This trial was criticized as it was under-
powered to differentiate meaningful differences in out-
come between ECMO and conventional therapy. In a
subsequent randomized trial,'! infants were recruited
who had an oxygenation index of at least 40 or an arterial
partial pressure of carbon dioxide of 12 kPa (90 mmHg)
for 3 hours or more. In addition, they had to be greater
than 35 weeks of gestational age at birth, a birthweight of
2kg, have received less than 10 days of high-pressure
ventilation, be younger than 28 days of age and have no
contraindication to ECMO, such as a previous cardiac
arrest or intraventricular hemorrhage. Infants were ran-
domized to receive conventional therapy in a tertiary cen-
ter or be transferred to one of five ECMO centers in the
UK. One hundred and eight infants with CDH, PPHN,
MAS, sepsis, IRDS were randomized from 53 centers.
Fifty-nine percent of infants randomized to receive ECMO
survived, which was significantly greater than the 32 per-
cent survival rate in the conventionally treated group.
Subanalysis demonstrated survival was better in the
ECMO infants in all diagnostic categories except CDH
infants. Fourteen of 18 CDH infants supported by ECMO
died and all 17 in the conventional arm died. Mortality
among infants with a primary diagnosis other than CDH
was 21 percent in the ECMO group compared with 49
percent in the conventional group (relative risk 0.43,
0.27-0.71) (P = 0.0006).**'
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Morbidity

Infants eligible for ECMO are critically ill and therefore
already have considerable morbidity. Use of ECMO adds
the risks of emboli, infarction and bieeding o these com-
plications. The patients can also suffer from anemia,
leukopenia and thrombocytopenia as a result of con-
swnption of blood products at the oxygenator's mem-
brane surface. Bleeding may be reduced by use of a fibrin
sealant.!”> Some infants who are put on ECMO will have
undiagnosed severe congenital cardiac abnormalities
which have been masked by their respiratory failure.’®
Mecbanical problems related to the circuit and pump
failure appear to occur in up to 20 percent of cases.!**
Tbe incidence of septic complications in neonates receiv-
ing ECMO does not appear to be influenced by feeding
route; in 16 neonates enteral nutrition was well tolerated
and not associated with side-effects.*’

CHRONIC

Neurological, growth and chronic respiratory problems
are reported in ECMO survivors.”*73 These results, how-
ever, have to be interpreted with caution as the infants
were extremely ill prior to cominencing ECMO and their
original illness may have been responsible for at least
some of the morbidity. In one series of 103 survivors of
ECMOQ, 31 percent required rehospitalization in the first
year of life because of respiratory illness; 26 percent had
abnormial growth and 20 percent had some form of
handicap.** Follow-up of 67 children demonstrated
abnormal neurodevelopmental outcome was signifi-
cantly associated with cerebral infarction and the devel-
opment of chronic lung disease.”®® Two-year follow-up
of 57 infants treated with ECMO demonstrated survival
rate was lower and morbidity higher in CDH compared
to non-CDH infants.?*® Respiratory and gastrointestinal
sequelae were commioner in the CDH group (p. 497).
Follow-up to 1 year of infants entered in the UK
Collaborative Study demonstrated ECMO support had
reduced the risk of death without a concomitant increase
in severe disability. At 4 years of age, one in four survivors
had evidence of impairment with or without disability;
the ECMO group had higher survival rates.* Other non-
randomized studies support the concept that use of ECMO
in infants with severe respiratory failure does not increase
the relative risk of neurodevelopmental handicap.'67-3%2

Respiratory follow-up

In nen-randomized comparisons, ECMO survivors have
been demonstrated to have significantly less chronic lung
disease, less chronic reactive airway disease and less fre-
quent hospitalization.” Examination at 1 year of age of
77 surviving infants from the UK ECMO trial suggested
that the ECMO-treated infants had slightly better lung

function, with higher inspiratory conductance and V.,
FRC.™

COST-EFFECTIVENESS OF ECMO

An economic evaluation of the UK ECMO trial estimated
the cost of a day of ECMO to be £1813.3" This meant a
cost per additional survivor without severe disability at 1
year of approximately £51222, Cthers have, however,
pointed out that the average cost for an ECMO-treated
infant is very similar to a conventionally treated infant.>”!

CHANGES IN ECMO REQUIREMENT

Introduction of new respiratory support modes for term
or near-term infants has been associated with a reduc-
tion in the number of infants being referred for ECMO.
In one center,?"? comparison of two time periods, surfac-
tant, iINQ and HFOV being available in the second,
demonstrated the proportion of infants with severe res-
piratory failure who were treated with ECMQ fell from
42.8 percent to 27.7 percent. In Burope in 1997, 158 ECMOC
runs for neonates were undertaken. This was the peak
activity. This fell progressively to 97 runs in 2001. Review
of 12 175 neonates reported to the ELSQ registry over a
10-year period revealed that although there was no sig-
nificant difference in the gestational age of infants being
referred for ECMO the diagnoses had altered, CDH infants
representing 26 percent rather than 18 percent and RDS
4 percent rather than 15 percent. The reduced number of
RDS infants, again likely reflecting changes in the avail-
ability of other respiratory support techniques, for exam-
ple, the use of surfactant, HFJV and iNQ, increased from
0 percent in 1988 to 36 percent, 46 percent, and 24 per-
cent, respectively, in 1997. Delay in institution of ECMO
in infants with severe MAS, however, has been associated
with significantly longer ECMO runs and post-ECMQO
ventilation.'®® In addition, an increased time to ECMO
has been associated with a significant increase in mortal-
ity (mortality rate of 4.8 percent in the group who received
ECMO within 24 hours of birth and 7.7 percent in the
group who were put on ECMQ after 96 hours).'% There
has also been a change in the type of ECMQ used; VA
ECMOQO remains the primary mode, but VV in one series
increased from 1 percent to 32 percent. This was associ-
ated with the average duration of ECMO increasing from
161 to 238 hours and the average number of neonatal
patients per center fell from a peak of 18 in 1991 to nine
in 1997. The occurrence of intracranial hemorrhage and/
or infarct remained constant at 16 percent.>*’

Inter-hospital transportation of patients on ECMO

Limiting the number of ECMO centers to ensure each has
a critical number of patients each year to maintain expe-
rience will mean transportation of infants with severe
respiratory failure to ECMO centers, often over long dis-
tances. Some infants will be too unstable to transport with
conventional support. Such infants can be ‘cannulated’
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by a mabile ECMO team at the referring hospital and
transported on ECMO via either ground ambulance, hel-
icopter or fixed wing vehicle. Review of the outcome of
29 patients including 15 neonates,””? transported from
between 4 and 1500 km demonstrated this can be achieved
without patient complications and only two technical
problems occurred - one ambulance compressor mal-
functioned and one of two electric supply circuits
malfunctioned during a helicopter transport.

—_—

NITRIC OXIDE (NO)

NOQ, a gas, has an extra electron, making it a free radical.
It has a short half-life in oxygen, reacting to form nitro-
gen dioxide (NO,), which then reacts with water to form
first nitrous and then nitric acid. NO is present in the
atmosphere at concentrations of 20-60 parts per billion
{ppb) and in cigarette smoke at concentrations of up to
1600 parts per million {ppm) and is partially responsible
for the effects of pollution. NO is an important modula-
tor of vascular tone in the pulmonary circulation and
regulates smooth muscle tone via changes in cyclic
guanosine monophosphate (¢cGMP).

Physiology

In 1987, ignarro ef al. identified NO as the transmitter
responsible for vascular tone, previously having been
named as endothelial derived relaxing factor. NO is
generated m the endothelial cells by the effects of NO
synthetase on L-arginine, forming citrulline and NO.
Newborns who suffer from pulmonary hypertension may
have low arginine levels,™ but this is not a universal find-
ing.>" NO diffuses into the smooth muscle cells, where it
activates guanylate cyclase to increase intracellular guano-
sine 3,5-monophosphate (GMP) and produces relax-
ation of the smooth muscle. Infants with PHN have been
reported to have increased levels of endothelin-1 (ET-1)
and decreased ¢GMP, suggesting their L-arginine NO
¢GMP systemn is deranged.** NO reacts with hemoglobin
to form methemoglobin. When NO is inhaled, it diffuses
across the alveolar-capillary membrane and activates
guanylate cyclase in the pulmonary arteriolar smooth
muscle by binding to its heme component.'** The resulting
increase in cGMP causes smooth muscle relaxation®®! and
vasodilation. Having caused pulmonary artery vasodila-
tion, NO is essentially deactivated by tight binding to
hemoglobin in the biood passing through the pulmonary
circulation,

Delivery

iNO was originally supplied in a concentration of one part
per thousand and fed into the ventilator circuit between

the humidifier and manifold. Sampling ports on the inspi-
ratory and expiratory limbs were used to measure the
concentrations of NQ and NO,, respectively. Continuous
monitoring of the inspired oxygen concentration between
the mixing point and the patient was important to limit
administration of non-diluted NO. Now, NG is pro-
duced as a drug to pharmaceutical standards and can be
delivered accurately in 0.1 ppm increments. Comparison
of continuous titration of NO using a rotameter into an
HFOQ circuit at three sites {pre-humidifier, post-humidifier
and after the bellows) to the INOvent systern revealed the
latter systern was simple to use and delivered an accurate
and precise NO concentration.*?

NO has a very short duration of action and thus, if it
is suddenly withdrawn, rapid rebound pulmonary vaso-
constriction and hypoxemia can result. This has iinplica-
tions for nursing procedures, for example, suction and
handbagging. In-line suction devices are, therefore, pre-
ferred and handbagging circuits should contain an addi-
tional iNO source. Units which use iNO must have the
facilities to transport an infant on iNO or reliable access
to a transport systemn that has that capability.

Monitoring

Certain of the adverse effects of INO can be minimized by
using low doses of NO and avoiding high levels of NO,.
Continuous and accurate monitoring of NO and NO, is
essential. NO and NQ, levels have been monitored using
mass spectroscopy, infrared, chemiluminescence and elec-
trochemical devices. Chemiluminescence devices are also
used to measure atmospheric pollutants and capable of
measuring very low NO levels, but the devices are expen-
sive. Infrared systems can give falsely low values as they are
sensitive to humidity. Electrochemical devices perform
similarly to chemiluminescence systems.”®” Currently, in
the USA and parts of Europe, NO and NO, monitoring is
provided by the iINO delivery system (INOvent).

It has also been recommended that units who deliver
iNO should have invasive monitoring, as it is important
to ensure infants have adequate blood pressure. In addi-
tion, the ability to have chest radiographs on a 24-hour a
day basis is essential to exclude other pathology and
echocardiography should also be available. In an emer-
gency situation, NO may be started prior to an ECHO, but
this should be performed as soon as possible. If the
response to NC is transitory, the ECHO should be organ-
ized as an emergency procedure. Infants who respond
well to iNO should still have an ECHO within 6 hours of
commencing it, as a positive response does not exclude
congenital heart disease.

SCAVENGING

UK, US and other regulatory bodies suggest that it is not
necessary to scavenge exhaust NO in a well-ventilated
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environment (8-12 air changes per hour). It is good
practice to scavenge exhaust ventilator gas when iNO is
administered in poorly ventilated surroundings. Envi-
ronmental N, levels should be monitored to reassure
staff that environmental levels are insignificant and to
assist in the detection of accidental macrocontamination.

Dosage studies

TERM INFANTS

Initial stndies used high concentrations of NO.3* NG
administered at 80 ppm 1n 90 percent oxygen increased
the postductal oxygen tensions from 5.2 to 15.4 kPa (39
to 115.5 mmHg) in seven term infants with PPHN, three
of whom had meconinm aspiration.*? Once the NO was
discontinued, hypoxemia recurred after 5 minutes. Sub-
sequently, lower NO levels were used.”” NO at 10 and
20 ppm also caused a rapid improvement in oxygenation
in nine newborn infants with PPHN who fulfilled crite-
ria for ECMOQ. The PaO, rose from 5.5 to 13.6 kPa after 15
minutes of treatment. Clinical improvement was main-
tained over the next 24 hours using only 6 ppm.? In two
randomized trials, low doses (5 and 6 ppm) were shown
to be equally as effective as higher doses (20 ppm).'024%
In one study,*” 6 ppm used continuously was equally as
effective as 20 ppm for 4 hours followed by 6 ppm in
reducing the likelihood of death or requirement for ECMO
in term or near-term infants with PPHN. In a random-
ized placebo-controlled double-masked dose—response
multicenter trial,'” similar improvements in oxygenation
were seen with 5, 20 or 80 ppm of iNO. Doses lower than
5ppm of iNO, however, may not always be effective. In
infants with PPHN, iNO at 2 ppm aftenuated the rate of
clinical deterioration, but did not acutely improve oxy-
genation or prevent clinical deterioration.’® Using a very
low dose (2 ppm) of INO initially may alter the subsequent
response to iNQ. Administration of 20ppm to infants
initially treated with Oppm, but not 2ppm, acutely
improved oxygenation.”® Those results suggest that initial
treatment with a subtherapeutic dose of INO may dimin-
ish the clinical response to higher doses and have adverse
clinical sequelae.”® We, therefore, start infants born at
term on 5Sppm of INO and then wean as rapidly as
possible.

PRETERM INFANTS

Low levels of INO have been demonstrated to improve
oxygenation in infants born prematurely,**** but are
not always successful.”®® Similar changes in oxygenation
were reported in response to 1, 5, 1¢ and 20 ppm in 11
infants with a median gestational age of 30 weeks*?* and
in infants randomized to receive 5 or 20 ppm of iNO.*°
In infants with PIE or born at very early gestations (that
is less than 28 weeks), however, 40 ppm may be necessary

to maximize oxygenation. In infants with PIE, the
mechanical barrier resulting from dissection of the lung
connective tissne by gas and the high interstitial water
content of very immature infants might reduce diffusion,
hence higher iNO levels are required to be effective.
Infants with PIE who are so hypoxic that they require INC
frequently have a poor outcome.'" Side-effects of iINO
are increased at high level concentrations. We, therefore,
start at 5 ppm of iNO, but then would increase the level
in infants who had a poor response but pulmonary
hypertension proven on echocardiograph examination.
Treatment with PIE of infants with iNO should be
individualized.

LUNG YOLUME RECRUITMENT

iNO acts very rapidly and improvements in oxygenation
are experienced within at least 30 minntes. If no such
effect occurs, then it 1s worth increasing the dose, partic-
ularly in a premature infant. Some have suggested a
response in INO might only be experienced after 12
hours, but the mechanism of such a response is unclear,
particularly if the infant’s condition had been optimized
with regard to eliciting a response; based on current evi-
dence, a response will always occur within 4 hours. iNO
is unlikely to work in an infant with atelectatic lungs and
should be given following lung recruitment by elevation
of PEEP, transfer to high-volume strategy HFO or snrfac-
tant administration. The systemic blood pressure should
also be appropriate and inotropes given if necessary.

DISCONTINUING A TRIAL OF iNO

It is important to be aware that rebound hypoxia can
result from withdrawal in an infant who has had no ini-
tial response to iNC. This may result from increased degra-
dation of ¢cGMP via enhanced phosphodiesterase activity
during NO administration. Such a process takes a certain
amount of time and hence, if there is no initial response,
we recommend stopping iNO after only a short trial.

WEANING

Once there has been improvement in oxygenation in
response t0 iNO administration and the infant stabilized,
then attempts should be made to reduce the iNQO level, If
the infant is left too long on relatively high levels of iNO
and becomes tolerant, it may become impossible t0 wean
the infant at all.'®® A randomized, double-blind placebo,
double-marked dose—response trial was undertaken to
identify the safest withdrawal process.'® All the infants
recruited had echocardiographic evidence of PPHN, none
had had surfactant therapy or were on HFO or had pul-
monary hypoplasia, Infants received 5, 20 or 80 ppm of
iNO. The arterial oxygen levels decreased only at the final
step of INO withdrawal and on cessation from 1, 4,
16 ppm there was a dose-dependent related reduction in
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oxygenation. Reduction to 1 ppm before 1ts discontinua-
tion minimized the deterioration in oxygenation. Those
results have heen subsequently confirmed by review of
the records of 505 prospectively collected iINO weaning
attempts on 84 neonates with hypoxic respiratory fail-
ure.**! In addition, prior surfactant treatment was high-
lighted as appearing to enhance the oxygenation reserve
when weaning iNG. It is our practice, therefore, to weau
the iNO at 1 ppm per hour to one ppm. On discontinua-
tion of the iNO, we tolerate an increased supplementary
oxygen requirement of 0.20, before restarting the iNO at
1 ppm and then repeating the withdrawal process some
hours later. There is some evidence to suggest that increas-
ing the FiQ, by 0.1-0.2 immediately prior to cessation of
iNO prevents or minimizes rebound hypoxemia. It has
been shown in children receiving cardiac intensive care’'*
that plasmia ET-1 levels are increased by INO and that the
increased ET-1 levels might contribute to rebound pul-
monary hypertension upon iNO withdrawal, Agents such
as phosphodiesterase inhibitors and other vasodilators
have not been proven in randomized trials to improve the
outcome of iINO withdrawal. Babies who fail to wean
from iNQO shouid be carefully assessed. Prolonged iNO
dependence has been associated with underlying lung
abnormalities such as pulmonary hypoplasia'® or alveolar
capillary dysplasia,

Side-effects

NITROGEN DIOXIDE

NO, is rapidly formed from oxygen and NO. The rate of
NO, formation is dependent on the concentration of
oxygen and the square of the concentration of NO,!%
NO, reacts with the water within the lungs to form nitric
and nitrous acid, which cause pulmonary toxicity. NO,
levels of 25 ppm or more can cause histological changes
in the lung. Lower levels of NO, can cause respiratory
function abnormalities. Airway hyperreactivity resulted
from continuous exposure to 1.5 ppm of NO, in healthy
adult volunteers, but not from continuous exposure to
0.6 ppm continuously or 2 ppm intermittently.'* It would
then be predicted that infants exposed to iNO might
have lung function abnormalities at follow-up; unfortu-
nately this has rarely been assessed. No differences in
lung function test results were found at 4-12 months
between 14 infants who had received iNO and seven who
had not, but only FRC and compliance were measured. 12
The Occupational Safety and Health Administration
recommend NO; levels should be kept below 5 pprm.

METHEMOGLOBINEMIA

Eighty to ninety percent of iNO is absorbed into the
bloodstream and reacts with hemoglobin to form methe-
moglobin. The development of methemoglobinemia is

dependent on the dose of NO delivered and the level of
methemoglobin reductase. Both partial and complete
methemoglobin reductase deficiency is commen in native
American Indians®’* and levels are lower in neonates than
older children. Use of low NO levels and careful moni-
toring to allow early detection of rising levels of methe-
moglobin reduces the likelihood of methemoglobinemia,
Indeed, methemoglobinemia has not been reported to be
an important problem in published clinical trials and fatal
methemoglobinemia rarely documented. Methemo-
globinermnia can be treated with methylthionine™’ or
methylene blue.'*?

SURFACTANT DYSFUNCTION

NO combines readily with superoxide to form peroxyni-
trite, an extremely strong oxidant. Peroxynitrite damages
surfactant proteins and inhibits phosphatidylcholine syn-
thesis by type 11 alveolar cells; its other toxic effects include
oxidation of membrane lipids and DNA bases. Plasma 5-
nitrotyrosine, a marker of peroxynitrite-mediated stress,
however, was not increased in BPD infants treated with
iNO.?

MUTAGENICITY

Exposure to NO significantly enhanced mutation in
Salmonella typhimuriuni TA 1535; the effect was time- and
dose-dependent.'* NO, exposure is associated with chro-
mosome aberrations, mainly of the chromatid type.?”?

BLEEDING PROBLEMS

iNO adininistration has been associated with an increased
bleeding time in adults?®® and infants.'® In adult volun-
teers, only exposure to 30 ppm of iNQO increased the bleed-
ing time, which reverted to normal 60 minutes after iNO
discontinuation. The bleed time was doubled in neonates
exposed to 40 ppm for 30 minutes.'® Endogenous NO
from endothelial cells suppresses platelet adhesion and
activation. iNO can inhibit platelet aggregation, probably
via inducing increased platelet ¢cGMP dehydrogenase-
dependent protein kinases;®® the effect resolves after
only a few minutes of discontinuing the iNO.'*® iNO may
have less effect on platelet function in vivo because of the
rapid scavenging effect of hemoglobin,

There is conflicting evidence with regard to whether
iNO increases ‘bleeding’ complications. A high incidence
of intracranial hemorrhage (ICH) has been noted in
certain series.”'*#* Four of eight infants born following
preterm premature rupture of the membranes (PPROM)
developed ICH.*'7 In the second series,*** three infants
had an ICH on their first cranial ultrasound examination
only 60 minutes after exposure to iNO; four other infants
subsequently developed ICH. Premature infants given
iNO as ‘rescue’ treatment usually have severe illness and
this may explain the association with a high ICH rate,
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Table 15.7 Randamized studies of iNO in preterm

infants
Reference iNO % Caontrols %
Death
Subhedar et af 3% 50 32
The France-Belgium 27 35
Collaborative NO
Trial Group??®
Kinsella et a1.2%" 48 53
Oxygen dependency
at 36 weeks PCA
Subhedar et af.3%° 50 &4
The Franco-Belgium 24 29
Collaborative NO
Trial Group%®
Kinsellz et a1.2%" 60 80
ICH
The Franco-Belgium 27 32
Collaborative NO
Trial Group1®
Kinsella et al. 2> 51 50

Sixty-four percent of infants born prior to 34 weelks and
given INO after a second dose of surfactant developed
ICH or PVL, but the National Institute of Child Health
and Human Development (NICHID) Neonatal Research
Network reported intracranial abnormalities developed
in a similar proportion of infants who had not received
iNG. In preterm infants exposed to iNG “prophylacti-
cally’ in randomized trials {Table 15.7}, no excess of
ICH/PVL has been reported. Nevertheless, it seems pru-
dent to avoid INO therapy in infants with a low platelet
count < 100000}, a bleeding diathesis or more than a
grade 1 ICH or at least withhold iINO until the bleeding
problems had been corrected.

Clinical studies

TERM INFANTS

There are now many reports of iNO improving oxygena-
tion in anecdotal series of term or near-term infants.
Serial echocardiographic examinations have demon-
strated that the incidence of residual pulinonary hyper-
tension in infants who had severe hypoxemic respiratory
failure and were treated with iNO is low.*'® The group at
highest risk are those with structural heart disease, Not
all term infants, however, respond to INO. A poor response
can be seen in infants with severe parenchymal disease,
systemic hypotension, myocardial dysfunction and struc-
tural pulmonary abnormalities, including pulmonary
hypoplasia,'® congenital diaphragmatic hernia®®' and
alveolar capillary dysplasia.”®® Although an initial response
may be seen in infants with CDH, the effect may not be
sustained, tachyphylaxis developing and ECMO becom-
ing necessary.”®! Similarly, althongh an initial response

was seen to 80 ppm of iNQ, all infants with alveolar cap-
illary dysplasia so treated died.”®® A retrospective chart
review demonstrated that the response to iING was highly
correlated with the baseline OI, infants with the highest
Ol having the largest change in OL>"?

Prediction of outcome

A poor response to INO is predictive of a poor out-
come. 2+ 10718 I one randomized trial,'"”” 90 percent of
infants whose Ol remained above 40, despite iNOQ, either
required ECMO or died; by contrast, improvement in
oxygenation was sustained in 87 percent of infants whose
Ols fell below 40. In a series of 25 near-term infants con-
secutively treated with iNO, the 11 infants with an initial
and sustained response survived, compared to only one
of two non-responders.'®?

Randomized trials

iNO versus placebo. Meta-analysis of the results of eight
randomized trials?®!02107.236.342407408438  eronstrated
iNO resulted in improved oxygenation (RR 0.63, 95
percent CI 0.54— 0.74).1 1t also reduced the combined
outcome of ECMO requirement or death {RR 0.72, 95
percent CI 0.60-0.87), the effect was due to a reduc-
tion in ECMO requirement {RR 0.69, 95 percent
Cl 0.60-0.87) (the relative risk of death was 1.03,
95 percent CI 0.62-1.72}. Other positive benefits noted
in non-CDH infants include fewer days of NICU stay
and a reduced need for B-mimetics or steroids.**® INO
given at 20 ppm for 24 hours followed by 5 ppm for no
mere than 5 hours has been reported to reduce oxygen
dependency at 30 days (7 percent versus 20 percent).”’

iNO and HFOV. The combined intervention of INO
and HFOV was more successful than either iNO or HFOV
alone in rescuing infants with respiratory failure.**® The
response was disease-specific and infants with severe
respiratory disease responded best to HFOV with iNQ,
whereas those without significant parenchymal lung
disease responded better to INO or HFQ with iNO than
HFO alone. There were no significant differences in
outcome related to the method of respiratory support
in the CDH infants.?> In anecdotal series,” the com-
bination iNO with HFOV compared to iNO with conven-
tional ventilation was more successful in reducing the
need for ECMO. The success of HFOV with iNO in
the infants with severe disease is explained by HFOV
recruiting and sustaining lung volume, HFOV then aug-
menting the response to iNO by decreasing intra-
pulmonary shunting and improving iNO delivery to the
pulmonary circulation.

CDH infants. No significant long-term positive benefits
have been reported in infants with CDH.*"% In one
randomized trial,**® death at less than 120 days of age or
the need for ECMO occurred in 82 percent of control
infants compared with 96 percent of iNO infants and
death occurred in 43 percent of controls and 48 percent
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of iNQ infants. Short-term improvements in oxygena-
tion are seen in some CDH infants and may be of
benefit in stabilizing infants for transport and initiation
of ECMO.

Long-term outcome

Foliow-up of infants at or near term entered into ran-
domized trials have not demonstrated iNO to be associ-
ated with an increase in neurodevelopmental, behavioral
or medical abnormalities at 2 years of age.*”” From the
NINOS trial,* 29.6 percent of the control group and 34.5
percent of the iNO-treated group had at least one dis-
ability. CDH infants had similar outcomes, but a higher
incidence of sensorineural hearing loss. %08

PRETERM INFANTS

There are numerous reports of iNO improving oxygena-
tion in prematurely born infants, including those with
severe respiratory failure due to RDS,*** prolonged rup-
ture of the meinbranes,”” developed® and established
chronic lung disease.?*#* iNO may act in CLD patients
by a direct effect on the pulinonary vasculature, reducing
vascular remodeling, bronchodilation and/or decreased
inflammation. The rapidity of the response seen® sug-
gests that the mechanism must at least in part be dueto a
direct effect on the pulmonary vasculature. The response
in infants with CLD is variable; in one study iNO was less
efficacious in infants with mild disease.”'® A response to
iNO, however, does not guarantee a good outcome n CLD.
In one series,®® 10 of 16 CLD infants treated with iNO at
between 1 and 7 months of age had an improvement in
oxygenation which was sustained throughout the dura-
tion of treatment, which was between 8 and 90 days. Only
four of the responders were weaned off mechanical ven-
tilation, Whether iNO in infants with established CLD
improves long-terin outcome requires testing in a multi-
center trial. CLD infants who become acutely hypoxic in
response to an intercurrent infection can experience an
improvement in oxygenation following iNO administra-
tion. [t then does seem reasonable to give a short trial of
iNG in such patients.

Randomized trials

There have been few randomized trials of iNO involving
prematurely born infants;””**4% none has demonstrated
significant benefits (Table 15.7). Meta-analysis of three
trials?>7 7?49 demonstrated the odds ratio for iNO treat-
inent regarding death were 0.97 (95 percent CK 0.54-1.70),
and for ICH were 1.37 (95 percent CI 0.69— 2.74).°** In
one trial,”” the iNO-treated infants required fewer days
of ventilation (median 26 versus 37 days, P < 0.05}.

Long-term outcome

No benefit regarding long-term survival or neurodevel-
opmental status was reported in one series but only 25
infants survived until discharge.”

Indications

TERM OR NEAR-TERM INFANTS

Infants at or near term should be considered for iNO if
they have hypoxic respiratory faiture, usually an OI greater
than 25. Prior to starting iNQ, ventilation should be opti-
mized to produce adequate lung volume, cardiovascular
status stabilized and an echocardiograph performed to
exclude congenital heart disease as a cause of the hypoxia.

PRETERM INFANTS

There is insufficient evidence to recomnmend routine use
of iNO in prematurely born infants and iNO should usu-
ally be administered within the context of a randomized
trial. In exceptional circumstances, iNO should be given
as a last resort for prematurely born infants with severe
respiratory failure or in those with CLD who experience
an acute hypoxic deterioration.

CONTRAINDICATIONS

Absolute contraindications are hypoxemia secondary to
congenital heart disease, right ventricle-dependent circu-
lation, severe left ventricle dysfunction, duct-dependent
circulation and methemoglobinemia.

LIQUID VENTILATION

Liquid ventilation {(LV) has been explored for over three
decades as an alternative means of supporting pulmonary
gas exchange while preserving lung structure and func-
tion in infants, children, and adults. Liquid breathing has
not yet become clinically available, although physiologi-
cal and experimental data are promising.

PERFLUOROCHEMICAL {PFC) LIQUIDS

Pure medical-grade perfluorochemical (PFC) liquids
currently exist for LV purposes because these chemicals
are already used in clinical medicine for different organ
systemns.”® Liquid ventilation uses a PFC liquid to replace
nitrogen gas as the carrier for oxygen and carbon diox-
ide. Physiological processes are supported by the combi-
nation of the physicochemical properties of the PFC
liquid (Table 15.8} and the biophysical effects of the
liquid on lung inechanics. Perflucrochemical instillation,
with its relatively low surface tension, high respiratory gas
solubility, and high spreading coefficients, replaces the
gas-liquid interface with a liquid-liquid interface at the
lung surface while supporting an adequate alveolar reser-
voir for pulmonary gas exchange.’”® High surface tension
at the gas-liquid interface is eliminated, and interfacial
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Table 15.8 Factors relevant for maintenance of
perfluorochemicol (PFC) lung volume during partial liguid
ventitation

PFC physicochemical properties Physiological faclors

Vapor pressure Alveolar ventilation

Density Distribution of PFC
liquid
Viscosity Distribution of

inspired gas

Spreading coefficient Pathophysiology

Gas solubility Pulmonary function
Positioning
PFC dosing
Ventilation sirategy

Ventilation duration

tension is reduced. Pulmonary blood flow is more
homogenous in the fluid-filled lung compared with the
gas-filled lung because transmural pressures across the
alveclar-capillary membrane are more evenly matched.
For these reasons, LV appears to be a promising treat-
ment for infants and children with respiratory distress
and injured lungs.

LIQUID VENTILATION TECHNIQUES

Currently, LV techniques for the support of respiratory
gas exchange in infants cornprise PFC lavage, tidal liquid
ventilation (TLV)}, and partial liquid ventilation (PLV).
Non-gas exchange applications of PFC in the lung include
pulmonary administration of pharmacological agents and
gene products, as well as pulmonary imaging agents.>”’
There is also exciting evidence which identifies that low-
pressure PFC-induced mechanical distention without
ventilation may accelerate lung growth without patho-
physiological consequences in infants (p. 450).

PULMONARY LAVAGE

A variety of animal models with acute lung injury have
been lavaged with perfluorochemical liquid. In preterm
lambs, adequate gas exchange and acid-base balance can
be maintained both during and after bilateral PFC lavage,
thereby demonstrating the usefulness of bilateral PFC
lavage as a means of alveolar debridement, particularly in
aspiration syndromes of the newborn. In this regard, poor
gas exchange, acidosis, and poor pulmonary compliance
were present at birth and during gas ventilation (GV) of
meconium-stained lambs. Improvements were noted
during LV in PaQ,, PaCO,, alveolar-arterial oxygen
gradient, and pulmonary compliance; and pulmonary
blood flow was more uniform.

188

In another study, it was shown that cats with severe
acute lung injury demonstrated improved gas exchange
and pulmonary compliance for approximately 1 hour after
pulmonary lavage with oxygenated PFC. This improve-
ment could be repeated during subsequent serial PFC
lavages, in the face of a lung injury which caused 100 per-
cent mortality in 4 honrs in the untreated control group.
Although this lavage technique has not been studied as a
clinical investigation, clinical studies with partial liquid
ventilation (PLV) have noted the need for pulincnary
suctioning of alveolar debris due to the lavage effect of
PEC liquid.

TOTAL LIQUID VENTILATION

Liquid ventilation, in its purest form, is the transport of
respiratory gases solely in the dissolved form: through
tidal volume exchange of PFC liquid to and from the
lung, thus TLV. All gas-liquid interfacial tension is elimi-
nated, the lung is provided maximal protection from
inflation pressures, lung volume is recruited, compliance
is increased, and, thus, inflation pressures and pulmonary
barotrauma are reduced (Figure 15.11). To initiate the
TLV process, PFC fluid is instilled into the gas-filled lung
while the thorax is gently manipulated to help remove res-
ident gas volumes into the expiratory line. The gas-liquid
interface at the alveolar surface is eliminated because gas
is transported in its dissolved form, and there are no
breath scunds. The liquid velumes in the lung and venti-
lator are controlled and monitored to ensure effective gas
exchange. Tidal liquid ventilation is accomplished by
cycling fluid from a reservoir to and from the lung by a
mechanical ventilator. This ventilator has evelved over
the years to include manually controlled flow-assist pneu-
matic systems, roller pumps with pneumatic/fluidic/
electronic controls, gravity driven, and modified exira-
corporeal membrane oxygenation (ECMO) circuits, Dif-
ferent control strategies have been explored, including
constant-pressure or constant-flow time-cycling, with
pressure (system, airway, or alveolar) and/or volume (lung
volume, tidal volume) limitation. The current approach
emphasizes microprocessor-based feedback control.
During inspiration, warmed and oxygenated PFC liquid
15 pumped from a fluid reservoir into the lung, and expi-
ration is achieved by pumping liquid from the lung with
passive assist of the lung recoil. The fluid is then fltered,
circulated to a gas exchanger for desired levels of oxy-
genation and CO, ‘scrubbing’ and then to the fluid reser-
voir. Condensing vapor in the expired gas conserves PFC
fluid. The PFC lung voluine is tightly controlled, main-
taining global lung protection. Various animal studies
across age, with and without lung injury, suggest that TLV
maintains effective gas exchange and cardiovascular sta-
bility at lower ventilatory pressures and minimizes struc-
tural damage throughout the lung typically incurred as a
result of gas ventilation.*#*
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PARTIAL LIQUID VENTILATION

Partial liquid ventilation is performed by filling and main-
taining the lung with a predetermined volume of PFC
liquid while mechanical gas ventilation is performed.
Partial liquid ventilation is similar to TLV because it uses
the alveclar recruitment capabilities of a low surface
tension fluid to establish an adequate functional residual
capacity in a surfactant-deficient or impaired lung. The
PFC liquid is oxygenated, and CO; is exchanged in the
lung through mechanical gas ventilation. The optimum
PFC filling strategy and subsequent gas ventilation scheme
are currently being investigated. A range of techniques
has been explored, including instilling PFC liquid in the
lungs for brief periods (3-5 minutes) rapidly instilling a
bolus of up to 30 mi/kg of oxygenated PFC with the ven-
tilator disconnected and slowly infusing oxygenated or
room air equilibrated PFC in doses up to 30 ml/kg dor-
ing continuous gas ventilation. A range of breathing fre-
quencies has also been investigated in a variety of large
and small animal preparations with acute respiratory
distress syndrome (ARDS), aspiration syndromes, and
lung hypoplasia due to congenital diaphragmatic hernia.
Even though the technical aspect of instilling PFC liquid
into the lungs with PLV appears straightforward to the
mtensive care clinician who is familiar with the gas
ventilator, optimum ventilation of a partially filled lung
introduces new clinical challenges. There are still many
unknown factors with respect to the distribution of PFC
fluid in the lung, including continual alteration in lung
mechanics, evaporative loss of PFC, and, thus, changing
volumes of gas and PFC liquid velumes, Studies that used
analyzer systems designed to quantitate expired PFC
vapor have shown that PFC liquid volume loss and evap-
oration rate from the lungs are influenced by many fac-
tors (Table 15.8) such as time, PFC vapor pressure and
initial dose, ventilation strategy, lung pathophysiology,
repositioning of the subject, body temperature, and the
administration of supplemental PFC doses to the lungs.**

Maintenance of PFC lung volume during PLV has neces-
sitated the development of adjunctive instrumentation
to guantitate evaporative loss to optimize a protective
ventilation strategy.

Clinical trials

In the initial clinical study, premature human infants who
were near death at the time of treatment were enrolled.'?
A gravity-assisted approach was used with tidal volumes
of liquid in brief cycles. The infants tolerated the proce-
dure, showed improvement in several physiological param-
eters including lung compliance and gas exchange, and
maintained some improvement after discontinuation of
LV. This study used a form of TLV, but also reported a
sustained beneht of gas ventilation with the residual PFC
liquid-filled lung. Subsequent clinical protocols have
used the PLV approach (Figure 15.12).

There have been several completed human studies of
PLV using the PFC perflubron (LiquiVent, Alliance Phar-
maceutical Corp., San Diego, CA, USA). A study by Leach
et al.?® reported 13 premature infants with severe respi-
ratory distress syndrome (RDS) in whom conventional
treatment had failed. This was not a randomized or
blinded study. They treated the infants with PLV for up to
96 hours. The infants’ lungs were filled with perflubron,
and supplemental doses were given frequently, generally
hourly. The arterial oxygen tension and dynamic compli-
ance significantly increased, and the oxygenation index
was reduced within 1 hour of initiation of PLV. Clinical
improvement and survival in some infants who were not
predicted to survive was noted. Pranikoff et al.**® reported
results from four patients with congenital diaphragmatic
hernia who were managed on ECMO. In a phase /1]
trial, PLV was performed with daily dosing for up to 6
days with improvements in gas exchange and pulmonary
compliance. Greenspan et al.'%” presented six terin infants
with respiratory failure who showed no improvement
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Figure 15.12 Schematic af the dinicaf technique for partial liquid ventilation. (Reproduced with kind permission from
Shaffer and Welfson 378

while receiving ECMO. The infants were treated with PLV
with LiquiVent for up to 96 hours, with hourly dosing.
Dypamic pulmonary compliance significantly increased,
and lung volume was recruited.

The initial studies of PLV in neonates are encouraging
and suggest this technique may be useful in neonates
with severe RDS and ARDS. It has been observed and
reparted that the underlying pathophysiology influences
the impact of LV. The response of the sick term infant to
PLV is frequently more gradual than is typically observed
in the preterm infant with RDS. The preterm infant often
experiences improvement in lung compliance and gas
exchange within hours of PLV initiaticn, most likely due
to reduction in surface tension and volume recruitment.
Debris removal, which takes time, is often required in the
term infant on PLV to improve Jung function.

Three studies have evaluated PLV in children. None of
the studies used a control group. Hirschl et al.?*? treated
seven pediatric patients with ARDS requiring ECMO. They
found improvement in gas exchange and pulmonary comn-
pliance during PLV for 1-7 days. Gauger et al.'® reported
six pediatric patients with ARDS requiring extracorpo-
real life support. They treated the patients with LiquiVent
PLV with daily dosing for 3-7 days and observed somne
improvement in gas exchange and pulmonary compliance
over the 96 hours from the initial dose; all the patients
survived. Toro-Figueroa et al.*' presented results from
10 children with ARDS aged up to 17 years treaied with
PLV for up to 96 hours. Nine of the 10 patients tolerated
initial dosing, and all nine experienced improvement in
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gas exchange over the 48-hour treatment period. Lung
function did not improve in these patients.

The initial phase I/II trials have indicated potential
safety and efficacy of PLV, particularly in younger popu-
lations of sick patients. An understanding of the utility of
this technique awaits the results of phase 111 triais. A large,
randomized phase III PLV trial in adults with ARDS has
been completed in North America and Europe using
LiquiVent. Several LV trials in infants and children are
currently under design in Europe.

LV technology has the potential to impact the clinical
management of pulmonary pathophysiology including
premature lung disease, aspiration syndroines, pneumao-
nia, ARDS, and pulmonary hypoplasia. Documentation
of efficacy in human disease s still required even though
laboratory studies have been nmpressive. To date, more
than 700 patients have been enrolled in LV studies with
LiquiVent. Recent studies, unfortunately, have been lim-
ited to the adult population. Once safety and efficacy are
proven in adults, it is hoped that drug approval and sub-
sequent re-initiation of controlled studies in infants and
children will be forthcoming.

HOME RESPIRATORY SUPPORT

Home oxygen

Discharging infants home on supplementary oxygen can
facilitate early discharge.”®'*>??! Affected infants, however,
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may require many months of supplementary oxygen at
home.'”' Maintaining adequate oxygen saturations by
giving supplementary oxygen increases weight gain® and
reduces pulmonary artery pressure,”™ airways resistance
and the frequency of intermittent hypoxemic episodes.’”
Maintaining the oxygen saturation levels at least at 95 per-
cent may also reduce the hospital readmission rate.>!'>*
There is, however, no consensus regarding the minimum
oxygen saturation level which should be maintained in
prematurely born infants with CLD. A survey of neonatal
units in the United Kingdom demonstrated that the oxy-
gen saturation levels at which supplementary oxygen was
discontinued varied from 85 to 93 percent.*** The situa-
tions which would prevent discontinuation of supple-
mentary oxygen also varied and included desaturations
while feeding/sleeping or excercising (95 percent of
responders), failure to gain weight (78 percent of respon-
ders), presence of pulmonary hypertension {62 percent
of responders) and recent withdrawal of corticosteroids
(52 percent of responders).”

Infants who should be considered for home oxygen
therapy are those who have no ongoing medical needs,
other than a requirement for supplementary oxygen to
maintain an adequate oxygen saturation. Some centers
consider infants for home oxygen who additionally require
tube feeding. It is important to provide such infants and
their parents appropriate healthcare professional support
in the community. Such support should include access to
a dietitian, as infants with chronic oxygen dependency
are prone to failure to thrive, if adequate nutritional sup-
port is not provided.® It is iinportant to be aware that
infants who are receiving home oxygen are at high risk of
ongoing morbidity. Comparison of infants with CLD
who were or were not sent home in supplementary oxy-
gen demonstrated that the former group required signif-
icantly more and longer adinissions and more out-patient
attendances.'?* Not surprisingly, the total cost of care was
greater for the home oxygen infants; this reflected higher
costs for hospital stay, total in-patient care and primary
care drugs.

Oxygen for home use can be delivered from cylinders
or concentrators; the former method is suitable if the
oxygen requirement is low, Whichever method is chosen,
small oxygen cylinders must be available, as these are
necessary for transport purposes. At regular intervals the
infants should be seen in the hospital and/or the com-
munity to have their progress and weight checked and their
ongoing supplementary oxygen needs assessed. Once the
Pa0, is at least 55 mmHg after a period of room air with
oxygen saturations of at least 93 percent, then the sup-
plementary oxygen can be weaned, This process is greatly
facilitated by use of an oxygen saturation monitor with a
‘memory, which can be downloaded and subsequently
analyzed. This form of monitoring is vital to provide ade-
quate overnight assessment. Initially, the supplementary
oxygen is weaned during the day; infants can continue to

require supplementary oxygen at night for many months
after supplementation has been discontinued during the
day. When assessing a CLD infant’s oxygen needs, it is
imiportant to examine the infant when sleeping supine,
as in that posture the oxygen requirements are highest.

Early hospital discharge can result in savings in hos-
pital costs.”! Such savings, however, must be balanced
against the costs of providing appropriate support in the
community. In addition, home oxygen therapy can result
in significant financial and emotional burdens for the
family.

Home ventilation

A survey in the UK demonstrated that very few infants or
children were receiving long-term ventilation at home.
One hundred and forty-one children were identified; of
these 33 were receiving continuous positive pressure ven-
tilation by tracheostomy and 103 ventilation when asleep
by a non-invasive mask (n = 62), tracheostomy (n = 32)
or negative pressure ventilation {# = 9}. Only six of the
patients had BPD.?*

A similar survey in Japan also demonstrated a small
number of infants and children receiving home ventila-
tion.”® This reflects the enormous investment in equip-
ment and community services, as well as education of
parents, required to support a ventilated patient in the
community. The infants usually require a tracheostomy,
although this may not be necessary if curasse ventilation
is employed. In one series,”™ the average duration of
ventilation at home for BPD was 365 days.
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Intensive care requirements for the infant with respira-
tory failure encompass the full range of organ support
techniques and require close collaboration between nurs-
ing, medical and other support staff. When conducting
an evaluation of such an infant, a systematic approach is
recommended. This chapter addresses the principal areas
that should be addressed during the course of such an
evaluation with the exception of issues specific to respi-
ratory support, intensive care monttoring, physiotherapy
and nutrition, which are discussed elsewhere (Chapters
15, 16B, 17, 18).

FLUID THERAPY

Fluid therapy during neonatal intensive care is dictated
by need to inaintain normal hydration as well as to deliver
an adequate nuiritional intake within the limits of meta-
bolic tolerance. These demands may not always be compat-
ible, but it is important to appreciate them as distinct goals.

Assessing renal function and fluid balance

Fluid balance should be monitoring meticulously in
infants receiving intensive care and is the responsibility
of both medical and nursing staff. Clinical assessment of
hydration should be accompanied by consideration of
weight change and biochemical indices.
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CHANGES IN BODY WEIGHT

Newborn infants lose extracellular fluid in the first days
after birth. This is a normal physiological process and is
marked clinically by early postnatal weight loss.”* The
loss of extracellular fluid may be delayed if an excessive
early sodium intake is administered.’" Consideration of
daily weight change is an important part of the assessment
of renal function and fluid balance. Failure to lose weight
after birth is associated with increased risk of adverse out-
come, principally from chronic lung disease, symptomatic
patent ductus arteriosus and necrotizing enterocolitis.”!
Once the period of postnatal weight loss is complete, fail-
ure to gain weight at a rate of around 14-16 g/kg/day sug-
gests that nutritional support is inadequate.

SERUM SODIUM AND POTASSIUM

The assessment of serum sodium and potassiuin is usu-
ally carried out at least daily in infants receiving intensive
care. These should be maintained within the normal range
but minor fluctuations within the normal range should
be disregarded. The serum sodium is a guide to both water
and sodium balance. A low serum sodium when accom-
panied by weight gain or failure to lose weight after birth
suggests water overload. Hyponatremia accompanied by
weight loss or poor weight gain despite an adequate nniri-
tional intake suggests sodium depletion (Table 16.1).
Hypernatremia is usually seen as a consequence of dehy-
dration from excessive transepidermal water loss.
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Table 16.1 Hyponatremia and hypernatremia

* A normal serum sodium does not necessarily mean
that fluid balance is satisfaciory.

* |napprapriate weight gain or failure to lose weight
after birth, in the presence of a normai serum
sodium, suggests isotonic expansion of the
extracellular compartment. This common problem
wilf be missed if babies are not weighed regularly
during intensive care.

* Hyponatremia accompanied by weight gain implies
water overioad; hyponatremia and weight loss, or
poor weight gain, implies sodium depletion.

* Hypernatramia and weight loss occurs with water
depletion; total bady sadium is usually normal or
veduced.

* Hypernatremia and weight gain imply an excess of
both sodium and water.

* A diagnosis of the syndrome of inappropriate secretion
of antidiuretic hormone (SIADH) should only be made
when circulating ADH is raised in the absence of both
osmotic and baroreceptor-mediated stimuli.

Hypokalemia may result from inadequate intake, renal
loss as in diuretic therapy or excessive base administration,
during the recovery phase after acute renal failure oy rarely
in Bartter’s syndrome, hyperaldosteronism or Cushing’s
syndrome. Excessive gastrointestinal loss of potassium
may result from failure to replace gastric aspirate, vomiting
and in ileostomy fluid.

SERUM CREATININE

The serum creatinine is a useful guide to renal function.
Serum urea is less helpful as it is subject to non-renal
influences such as sequestered blood, an excessive pro-
tein intake and steroid therapy. The serum creatinine at
birth is influenced by maternal concentration. Thereafier,
the serum creatinine falls at a rate dependent on creatinine
production, dependent on muscle mass, and the clearance
rate, dependent on glomerular filtration.®® The serum
creatinine may rise transiently after birth, as the extracel-
lular compartment contracts, but thereafter should exhibit
a decline. The normal range for serum creatinine js wide
and a more helpful pointer to renal insufhciency is
failure to observe a postnatal decline.

SERUM OSMOLALITY

Most well preterm infants are able to achieve a minimum
urine osmolality of around 100 mosm/kg and a maximum
of 600-800 mosm/kg. A urine osmolality of between 200
and 400 mosm/kg suggests that water intake is neither
too little nor excessive, Occasionally, extremely inmature
infants (born before 26 weeks of gestation) have much
more limited concentrating ability and may becomne dehy-
drated while continuing to pass urine of low osmolality.
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URINE FLOW RATE

It is generally held that a urine flow rate of less than
1 mlfkg/h is indicative of impaired renal function. This is
because a fully fed infant needs to excrete a renal solute
load of about 15 mosm/kg/day. Given a maximum uri-
nary concentration of 600-800 mosnv/kg water, solute
retention would occur if the urine flow rate were less
than 19-25ni/kg/24 h; that is approximately 1 1nl/kg/h,
Urine flow rate should be assessed continuously during
intensive care. Oliguria is usually the first sign of renal
impairment. Early detection is essential if the situation is
to be reversed by restoration of renal perfusion. Similarly,
in established renal failure, the continued infusion of large
fluid volumes will further compromise the infant.

WATER BALANCE

The maintenance of normal hydration requires that an
infant is given sufficient water to replace losses and excrete
the renal solute load without the need to pass either very
concentrated or very dilute urine. In the neonate, especially
if born extremely prematurely and Iess than a first few days
old, the major source of water loss is insensible water loss
through the skin and the respiratory tract. The latter may
be minimized by adequate humidification of mspired
gases. The former may be extremely high, with measured
rates of transepidermal water loss exceeding 125 ml/kg/day
in infants below 28 weeks of gestation when nursed in an
ambient humidity of 50 percent (Figure 16.1}.

Transepidermal water loss should be minimized by
maintaining a high humidity microenvironiment around
the infant, careful attention to skin care and avoidance of
draughts. Failure to minimize transepidermal water loss
will predispose to hypernatremic dehydration and the
infant will show excessive weight loss and a raised serum
sodium concentration. Transepidermal water Joss falls
exponentially over the first days after birth as skin matu-
ration is accelerated by birth and exposure to a gaseous
environment.
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Figure 16.1 The effect of ambient humidity and gestational
age on transepidermal water loss (TEWL) (based on the data
af Hemmeriund and Sedin'®). Reproduced with permission
from Rutter.
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A starting fluid prescription may be arrived at by esti-
mating transepidemal water loss, taking into account the
humidity in which the infant will be cared for and adding
60 mi/kg/day to cover urinary requirements. If ambient
humidity is about 50 percent, this equates to a starting
intake of around 90 mifkg/day for neonates of around
28 weeks of gestation. If ambient humidity is higher, the
starting prescription may be correspondingly reduced.

If an infant is being given 90 ml/kg of 10 percent glu-
cose on day 1 and has normal hydration, is there any need
to increase to 120 ml/kg of 10 percent glucose on day 2,
a common practice in neonatal intensive care units? In
terms of hydration, the answer is ‘no’ The water require-
ment for urine production would be unchanged, and
transepidermal water loss would be decreasing, not
increasing. In terms of nutrition the answer is ‘very little’
An increase of 30 mi/kg of 10 percent glucose would pro-
vide only an extra 3 g of carbohydrate or 12 keal. If, how-
ever, the infant were receiving parenteral nutrition, with
a balanced energy density of 0.66 kcal/ml, an increase of
30 mi/kg/day would mean an increase in nutrition deliv-
ered of 20 keal/kg/day. Is there any reason to restrict the
daily increase to 30 ml/kg rather than a larger increase in
order to provide a better nutritional intake? The answer
here is ‘no’ In an elegant experiment Coulthard and Hey
showed that if sodium intake is held constant, preterm
infants are well able to cope with abrupt increases in the
volume of intravenous intake from 100 to 200 mi/kg/day.”
There therefore seems little justification to advocate small
stepwise daily increases in fluid intake rather than a more
rapid increase that would allow the delivery of a more
favorable nutritional intake. The only caveat is that renal
function should be normal. This should be assessed by
demonstrating that the infant is showing normal postnatal
weight loss, with a falling serum creatinine, normal serum
sodium and potassimin and a normal urine flow rate.
Evidence to suggest that fluid restriction, in the perinatal
period, may improve outcome from randomized studies
demonstrated a higher survival without CLD* and less
need for postnatal dexamethasone®® are probably a
consequence of sodium, not water restriction.

SODIUM BALANCE

In contrast to the relatively well developed ability to handle
a water load, the preterm neonate has a limited ability to
regulate sodium excretion and retention.*® In a random-
ized, single-blind, controlled trial involving neonates below
32 weeks of gestation, the administration of a routine
sodium intake of 4 immol/kg/day from the second day after
birth was compared with a sodium intake commencing
when the infant had lost 6 percent of birth weight. The
results of the study demonstrated that infants receiving
routine early supplementation had a delayed loss of extra-
cellular fluid®® and an increased risk of prolonged oxygen
dependency.?! The loss of extracellular fluid after birth is

a normal physiological response. It is triggered by atrial
natriuretic peptide-driven natriuresis,> as sodium is the
principal electrolyte in extraceliular fluid, The causal path-
way for these observations is that an unnecessary sodium
supplement prior to the onset of the postnatal natriuresis
will promote persistent expansion of the extracellular
compartment, including lung interstitial fluid. The per-
sistence of lung interstitial fluid will predispose to pro-
longed oxygen dependency. After the period of postnatal
extracellular fluid loss, preterm infants below 32 weeks of
gestation require a sodium intake of the order of 4 momol/
kg/day to support growth.

Syndrome of inappropriate antidiuretic
hormone secretion (SIADH)
Antidiuretic hormone (ADH} secretion is triggered by
alterations in the tonicity of the extracellular fluid and hy
baroreceptors located in the heart and great vessels. An
increase in tonicity will stimulate the release of ADH and
reduce urinary water loss. In addition to increasing per-
meability by the insertion of water channels in the apical
memnbranes of the cells of the renal collecting ducts, ADH
causes arteriolar vasoconstriction and a rise in blood pres-
sure. The maintenance of central blood pressure overrides
the defence of tonicity. If intravascular volume depletion
goes unrecognized and only salt-poor fluid is administered,
baroreceptor-driven ADH release will lead to water veten-
tion and hyponatremia. In this situation, ADH secrefion is
appropriate. It is likely that this clinical picture often goes
unrecognized in neonates, as hypovolemia may be difficult
to recognize. The correct management is to maintain
central blood pressure and to use salt-containing fluid if
intravascular volume support is required. True inappropri-
ate ADH secretion is probably very rare in infants receiv-
ing intensive care.®!

ACUTE RENAL FAILURE {ARF)

ARF is deftned as a sudden and severe reduction in
glomerular fltration rate. This will result in a rise in serum
creatinine and subsequently in further metabolic distur-
bance. There are many causes of ARE but ih neonatal
intensive care it is most commonly seen in the context of
perinatal asphyxia, septic shock and necrotizing enterocol-
itis. ARF is often reversible in the early stages, emphasizing
the importance of early detection through clinical vigi-
lance. The most helpful early sign is the acute onset of
oliguria or anuria. When this is recognized, the bladder
should be palpated and an urgent ultrasound scan per-
formed to detect an obstructed renal tract. If post-renal
failure is excluded, the adequacy of the circulation should
be assessed {p. 71). Renal perfusion should be optimized.
A fluid challenge should be administered, consisting of
15-20 ml/kg normal saline over 1 hour followed by a single
intravenous dose of furosemide of 4 mg/kg. The half-life
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Table 16.2 Management of hyperkaiemia

Serum potassium >6.5mmoi/l:

* Check serum potassium again, ensuring sample is
not hemolysed.
Monitor ECG.
Calcium resonium, 150 mg/kg/dose rectally every
& hours; remove rectal plug by irrigation with 2ml
normal saline.

Serum potassium >8.0 mmoifl or ECG evidence of toxicity
(peaked T wave, widened QRS complexes):

s (Calcium gluconate 10 percent, 0.5 ml/kg 1V, diluted
10-fold with glucose 5 percent, at a maximum rate of
0.1 mifmin.

+ Sodium bicarbonate 4.2%, 4 mifkg (2 mmol/kg),

IV aver 5 minutes; check base deficit.

+ Glucose and insulin; add 25 units neutral insulin to
500 mi 10 percent glucose; infuse at 1-2 ml/kg/h
{0.05-0.1 unitsfkg/h); monitor blood glucose closely.

+ Salhutamol, 4 pngfkg/dose IV over 20 minutes.

* Prepare for peritoneal dialysis.

of furosemide is long (approximately 24 houss in healthy
preterm infants) and repeated doses are both unnecessary,
as well as potentially harmful as they can increase the risks
of interstitial nephritis, ototoxicity and ductal patency. If
there is an increase in urine flow rate in response to the
fluid challenge, the problem is one of pre-renal failure, and
therapy should be directed to optimizing hydration and
renal perfusion. If there is no increase in urine flow rate,
the management is that of established renal failure. The
mainstay of management of established renal failure is
meticulous supportive care. Central vascular access should
be established to allow the infusion of glucose solution,
in high concentration if necessary. Fluid intake should be
limited to insensible losses plus urine output and gastro-
intestinal losses. These should be calculated for 6- to 8-
hourly intervals. Intravenous fluid shouid consist of a
glucose solution with calcium if necessary, without added
sodium or potassium. Blood pressure and perfusion
should be carefully supported. Hyponatremia in the
anuric infant is indicative of water overload and the need
to reduce infused volumes. The serum potassium needs
careful monitoring and appropriate action taken {Table
16.2) if the level becomes too high.

Meticulous medical management, avoiding fluid over-
load, will usuaily allow even an anuric baby to remain in
stable water and elecirolyte balance for several days. The
role of low-dose dopamine (2 p.g/kg/min) in renal failure
or incipient renal failure is unclear. In a large multicenter,
randotmized, placebo-controlled trial, the administration
of low-dose dopamine by continuous intravenous infu-
sion to critically ill adults at risk of renal failure did not
confer clinically significant protection from renal dysfunc-
tion.” There is no direct evidence in infant populations
that low-dose dopamine is a useful prophylactic therapy
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when the risk of ARF is high, nor that it improves renal
petfusion in established renal failure,

THERMOREGULATION

Infants lose heat by evaporation, convection, radiation and
to a small extent, conduction. At delivery the infant should
be rapidly dried, wrapped in warm blankets and have a hat
put on. Hypothermia is associated with increased oxygen
consumption, increased energy expenditure, impaired
surfactant function and increased risk of infection. Cold
stress is associated with increased mortality. Overheating
is not as common, but is also associated with a range of
prablems including increased transepidermal water loss,
hypernatremic dehydration and apnea.

The desired environmental temperature lies within the
thermoneutral range, the range in which an infant’s heat
production is at a minimnum and body temperature is noz-
mal. The ambient temperature appropriate for neonates
when nursed fully clothed ranges from 25°C for infants of
birthweight greater than 2kg to 32°C for infants of less
than 1.5kg in weight. If it is necessary to nurse a baby
naked, an incubator or radiant warmer is essential. Radiant
warmers have the disadvantage of causing a large evapo-
rative water and heat loss, but this can be minimized
through the concurrent use of a humidified body box or
plastic bubble ‘blanket’. Radiant heaters are hest reserved
for use in infants above 34 weeks of gestation ot for a short
period during initial stabilization before transferring
into a high-humidity incubator. Condensation is reduced
by using double-walled incubators and maintaining a high
environmental temperature in the intensive care unit,

SEDATION AND PAIN RELIEF {p. 316)

Adequate pain relief for acutely painful procedures is an
essential component of good neonatal intensive care. Sig-
nificant physiological perturbations occur with frequently
performed procedures, such as venepuncture and tracheal
suctioning. Evidence is mounting tbat exposure to pain
during the neonatal period has adverse long-term effects.

Many neonatal units now have clear policies incorpo-
rating the use of analgesia for invasive procedures such as
non-emergency infubation and for blood sampling. There
is good evidence to guide practice for obtaining blood
samples from neonates.”® Venepuncture is the preferred
method for blood sampling as it appears less painful than
heel lancing. If heel lancing is used, an automated device
{e.g. Autolet, Tenderfoot) should be used rather than a
standard lance. Sucrose and glucose decrease the pain
response associated with heel lancing, but it is unclear if
they are similarly effective during venepuncture, Para-
cetamol and heel warming do not reduce the pain response
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Table 16.3 Pharmacoiogical agents for sedatian or
procedural analgesia

Oral agents

Sucrose 12 percent, 0.5-2ml 2 minutes before procedure

Paracetamo! 20 mg/kg every & hours (may be
administered rectally}

Morphine, B0 jug/ks every 4 hours

Chloral hydrate 25-50 mg/kg every 4-8 hours (may be
administered rectally}

Topicalfskin infiltration

Lidocaine (lignocaine) skin infiltration, maximum dose
0.5 mifkg, 1 percent solution

EMLA cream

Amethocaine gel

Intravenous agents

Marphine, IV bolus, 50100 pwg/kg over 30 minutes
Fentanyl, I¥ bolus 210 pg/kg over 30 minutes
Midazolam, IV bolus, 50-200 wg/kg over 30 minutes

of heel lancing, There is evidence that both EMLA cream
and amethocaine gel reduce the pain of venipuncture,?
but not heel lancing. The safety of repeated applications of
EMLA or amethocaine, however, has yet to be determined.

Analgesia should always be provided for painful con-
ditions, such as necrotizing enterocolitis and cryotherapy
for retinopathy of prematurity {Table 16.3). The possible
need for respiratory support as a result of opiate-induced
respiratory depression should not be viewed as a contra-
indication to adequate pain relief. We use morphine by
intravenous infusion and electively intubate and venti-
late prior to cryotherapy. There is considerable evidence
now that ‘awake’ intubation is unacceptable except in an
emergency situation. For non-emergency intubation we
use atropine for vagal blockade, followed by fentanyl for
analgesia and suxamethonium {succinylcholine) for short-
action muscle relaxation.®

In contrast to procedural pain relief, it is less clear
whether routine sedation/aualgesia is uecessary during
ventilation. The rationale for this approach is to reduce
discomfort and pain, to enhance physiological stability
and to reduce asynchrony with the ventilator (p. 316).
There may be long-term benefits. Anand et al.* random-
1zed 67 ventilated infants, born between 24 and 33 weeks
of gestation, to infusions of morphine, midazolam or
placebo. They showed that, though both morphine and
midazolam reduced pain responses and stabilized vital
signs, morphine was associated with a reduction in death
and ultrasound evidence of major brain injury. Assess-
ment of long-term outcomes of the infants entered into
the study is awaited. A regimen of morphine 50-100 pg/kg
over 30 minutes followed by 10-20 wg/kgihour appears
widely used in ventilated infants. Many ventilated infants,
however, appear comfortable without regular analgesia.
In these, the use of intermittent boluses of analgesics or
sedatives may be appropriate. A drawback of long-term

opioid use is the development of tolerance, necessitating
dose escalation, and resulting in signs of withdrawal fol-
lowing cessation of therapy. The latter may be managed
by gradual weaning. Opioids are widely used to relieve
suffering during terminal care. Intravenous morphine
may be used to relieve dyspnea associated with respira-
tory failure when ventilator support is withdrawn. Oral
morphine preparations are available when intravenous
access is not present or when a baby is being cared for
at home.

The use of the benzodiazepine, midazolam, for seda-
tion is increasing in neonatal intensive care as it is reported
to have a much shorter haif-life than diazepam (6.5 hours
versus 20-50 hours™). In our experience, continuous infu-
sions of midazolam are inadvisable in extremely preterm
neonates as sedation following cessation may be pro-
longed. In addition, concerns have been raised about the
safety of midazolam, including description of a midazolam
withdrawal syndrome.*

CARDIOVASCULAR SUPPORT

Adequacy of perfusion and consideration of the need for
circulatory support are an integral part of intensive care.
This requires assessment of adequacy of intravascular
volume as well as cardiac output. Cardiac output is the
product of ventricular stroke volume and heart rate {the
Fick equation). Stroke volume is influenced by preload
(venous filling pressure), myocardial contractility and
afterload (vascular resistance). Each of these components
requires individual consideration if therapy is to be tailored
to cause,

Circulatory failure in the neonatal intensive care unit
commonly results from either hypovolemiia or poor myo-
cardial contractility. It also occurs in septic shock, with
peripheral vasodilatation and capillary leak syndrome
and as a result of large left-to-right ductal shunting. Other
recognized, but less common causes are cardiac fampon-
ade secondary to pericardial effusion and the cardiomy-
opathies. A common easily remedied cause of impaired
venous filling is inadvertent pulmonary overdistention
during high frequency oscillatory ventilation. This leads
to impaired cardiac output, reduced pulmonary perfusion
and a paradoxical worsening in oxygenation at a time
when the infant would be expected to be improving. It can
be confirmed by demonstrating overdistention on a chest
radiograph and responds to a reduction in mean airway
pressure.

Detection of hypovolemia

Tachycardia is insufficiently sensitive at detecting hypo-
volemia. Regular blood pressure measurements are essen-
tial, but it should be borne in mind that in the newborn, the
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normal range for blood pressure is wide. In addition, blood
pressure may well be maintained within the normal range
until significant compromise has occurred. Blood pres-
sure correlates poorly with blood volume™® and a blood
pressure within the normal range does not necessarily
exclude hypovolemia. Neonates are at risk of intravascular
volume depletion for several reasons. Immediate cord
clamping can result in a 30 percent lower blood volume
than delayed clamping. Unwell infants are subjected to fre-
quent blood sampling that will further reduce circulating
volume.

The recognition of an inadequate intravascular vol-
ume is difficult. Gerigk e al.'’ found that only a third of
infants and children with intravascular volume depletion
had concomitant clinical signs. Evaluation of capillary refill
time and core-peripheral temperature gap are useful and
simple to perform. Though capillary refill times correlate
poorly with hypovolemia in adults, normal ranges have
been established in neonates in different thermal environ-
ments.”® The mid-sternum or forehead are the preferred
sites for assessment. The capillary refill time should not
exceed 3 seconds.*

Lyon et al® studied central—peripheral temperature
differences in infants with birthweights below 1000 g and
concluded that in the first few days after birth, central
and peripheral temperatures are similar because thermo-
regulation is immature. Central-peripheral temperature
gaps of greater than 2°C became maore frequent after 3 days
from birth, when babies were more competent at mount-
Ing a vasoconstrictive response, but even then was more
likely to represent thermal stress than hypovolemia.
Despite these caveats, the central-peripheral temperature
gap does correlate with circulating arginine vasopressin
(AVP) levels?® and, in the absence of thermal stress, should
be regarded as an index of hypovolemia.

Central venous pressure {(CVP) measurements, though
infrequently used, may be heipful and are easy to measure
from an umbilical venous catheter tip in the right atrium.
Skinner et al.*® published normative data from 13 infants
with respiratory disease, eight of whom were born pre-
maturely, These authors concluded that CVP monitoring
was useful for detecting trends. In ventilated neonates a
CVP of 0 mmiHg suggested hypovolemia, but in sponta-
neously breathing infants, negative values did not necessar-
ily tepresent hypovolemia. The benehts of this approach
need to he weighed against the potential risks of invasive
meniforing.

Echocardiography {p. 102)

In hypovolemia the chambers of the underflled heart
appear small and the inferlor vena cava periodically col-
lapses. In severe hypovolemnia the ventricles appear hyper-
trophic since the muscle collapses down on the small
ventricular cavities. The skilled operater may undertake

serial evaluation of aortic and pulmonary stroke distances
and ejection times.>® The failing heart appears large and
‘baggy’ Doppler assessment may show a low output and
atrioventricular valve regurgitation. Again, serial assess-
ment of aortic and pulmonary stroke distances and frac-
tional shortening may be helpful in assessing the response
to therapy.

Management
Unfocused approaches, such as blindly pursuing a ‘nor-
mal’ blood pressure without heed to other signs, cannot
be condened. Evidence of hypovolemia demands volume
support whereas poor myocardial contractility requires
inotropic support with, if necessary, a reduction of after-
load. Inotropes are contraindicated in hypertrophic
cardicmyopathy.

WHICH FLUID?

The choice of fuid for volume support is controversial.
In many instances, whole blood would be the preferred
product but concerns over excessive use of blood prod-
ucts has tneant that in many parts of the world only com-
ponent therapy is available. It is now widely accepted that
fresh frozen plasma should be reserved for use only when
specifically indicated by coagulation disturbance.

In a meta-analysis of randomized controlled trials,
Alderson et al. assessed the effect on mortality of colloids
compared to crystalloids for fluid resuscitation in critically
ill patients.” The risk of death in the albumin-treated group
was 6 percent higher than in the crystalloid-treated group.
Unfortunately, neonates were excluded from this meta-
analysis but the authors concluded:

there is no evidence from randomized controlled
trials that resuscitation with colloids reduces the risk
of death compared to crystalloids in patients with
trauma, burns and following surgery. As coiloids are
not associated with an improvement in survival, and as
they are more expensive than crystalioids, it is hard
to see how their continued use in these patient types
can be justified outside the cantext of randomized con-
trolled trials.

Osborn and Evans carried out a meta-analysis evalu-
ating the need for volume expansion and the choice of
fluid.*® They concluded that there is insufficient evidence
to determine what type of volume expansion should be
used in preterm infants or for the use of early red cell
transfusions. This meta-analysis included the only trial
to compare colloid and crystalloid in preterm neonates. ¥
This compared infants randomized to alburmin 5 percent
or normal saline 10 ml/kg over 30 minutes, with a maxi-
mum of three doses given if hypotension persisted. The
authors found ne benefit in using albumin. There was no
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significant difference in mortality (RR 1.36,95 % CI0.48,
3.82), but the albumin group showed significantly
greater weight gain at 24 and 48 hours of life. As dis-
cussed above, a number of studies have shown that fail-
ure to lose weight after birth is associated with increased
risk of adverse outcome. Others have shown that colloid
administration is associated with prolonged oxygen
dependency® and adverse neurological developmental
outcome.'® Those results are from non-randomized trials
and albumin was usually given to treat hypotension. Never-
theless, the results would argue against giving albumin to
treat hypotension when saline is equally effective.*” The
same group has also shown that both isotonic saline and
5 percent albumin are effective when used as replacement
fluid in partial exchange transfusion for the treatment of
neonatal polycythemia> As isotonic saline is cheaper
and does not carry the infective risks of biood products,
the balance of evidence to date then favors the use of
crystalloid in the form of nornnal saline, over colloid, for
volume replacement.

WHICH AGENT?

Dopamine is widely held to be an effective agent for
increasing blood pressure. [t may, however, peripherally
vasoconstrict without increasing ventricular output®
and may exacerbate pubmonary vasoconstriction (Table
16.4). % Dobutamine is a less effective pressor,” but it
appears to be an effective inotrope. Dobutamine has
minimal chronotropic effect. Subhedar and Shaw inciuded
four trials enrolling a total of 143 infants into their meta-
analysis comparing dopainine and dobutamine.” Only
one of the four included studies assessed changes in left
ventricular output?? and this did not show a statistically
significant effect when dopamine was compared with
dobutamine {weighted inean difference —83 ml/kg/min,
95 percent CI —174 to 8 mi/kg/min). This review did not
assess potential adverse consequences of dopamine-
induced peripheral vasoconstriction such as worsening
of respiratory disease, impaired renal perfusion and necro-
tizing enterocolitis. They found that if short-term treat-
ment of systemic hypotension is considered to be the
goal of cardiovascular support, dopamine should be used

Table 16.4 fnotropic agents

10-20 pgafkg/min I¥; may
increase to 40 pg/kg/min

Dobutamine

Dopamine 510 pg/kgfmin Iv; may
increase to 20 pg/kg/min
Epinephrine 0.05-1.0 pgikg/min IV

Norepinephrine 0.05-1.0 ugfkg/min IV
0.75 pglkg/min over 2 hours;
then 0.25-0.75 pg/kg/min;

reduce dose in renal failure

Miltinone

in preference 10 dobutamine. The authors alse point out
that it is possible that higher doses of dobutamine than
were used in these studies may be required to elicit the
desired response. They conclude that in the absence of
data confirming the long-term benefit and safety of
dopamine compared to dobutamine, no firm recom-
mendations can be inade between these two agents.
Low-dose doparnine (3-5 pg/kg/inin) may improve urine
output in very immature infants (median gestational age
27 weeks).'? Epinephrine has both inotropic and chrono-
tropic effects, but may cause renal and myocardial
ischemia. As both epinephine and norepinephrine cause
vasoconstriction, they are best reserved for use only when
the first-line agents, dobutamine and dopamine, are insuf-
ficient. Left ventricular afterload reduction is commonly
employed after open heart surgery as these infants
invariably have some degree of myocardial impairment.
This may be achieved with the use of a vasodilator such
as sodium nitroprusside or with a phosphodiesterase
inhibitor such as milrinone. These agents provide inotropic
support combined with afterload reduction. The role of
glucocorticoids remains controversial, as they have not
been subjected to adequate evaluation. Hydrocortisone
has been used in doses ranging from 2 to 6 mg/kg/day in
hypotension resistant to standard pressor agents® and
dexamethasone in a single dose of 0.25 mg/kg.'

TRANSFUSION THERAPY

Although believed to be small, blood products do carry a
finite infection risk. It is, therefore, recommended that
every effort should be made to reduce exposure to blood
products. Fresh frozen plasma should no longer be used
for volume support but its use should be limited to
the management of coagulation disorders. Nevertheless,
infants below 1500g birthweight remain a frequently
transfused patient group. Cur own audit demonstrated
that they receive a median of four red cell transfusions
(range 0-12) during their initial hospital stay. Deciding
when to transfuse a neonate in intensive care bas always
Leen a difficult and controversial issue.*® We maintain
the hemoglobin level above 12g/dl when infants are
acutely unwell, but would not transfuse well preterm
infants on the basis of a low hemoglobin level alone, but
only if accompanied by symptoms of anemia (poor weight
gain, lethargy, slowing in suck ability, increase in apneic/
bradycardic episodes). The routine use of furosemide
during red cell transfusions is illogical and may expose
infants to the risks of furosemide toxicity and transient
polycythemia.'® Infants should be protected from multi-
ple donor exposure and as red cells may be safely used up
to 35 days from collection, the allocation of a dedicated
‘octopus pack’ (donor unit divided into eight satellite
packs) to each infant admitted to the neonatal intensive
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care unit greatly assists in this. We do not irradiate red
cells for neonatal use as they are leukodepleted. The role
of erythropoietin (EPO) has still to be fully evaluated.
Although benefit from EPO is detected across high-
quality studies using conservative transfusion criteria, there
is variation in the findings of available trials.® We admin-
ister erythropoietin, 250 units/kg subcutaneously three
times per week, from day 8 after birth for 6 weeks, also
ensuring a protein intake greater than 3 g/kg/day and an
intake of elemental iron greater than 2 mg/kg/day, to all
babies of less than 28 weeks of gestation and to babies of
between 28 and 32 weeks of gestation if also less than the
third centile for birthweight. [t may be, however, that EPO
reduces red cell requirements only in relatively well pre-
term babies but not in those who have severe, prolonged
illness in whom the causes of anemia are many and varied.

NEUROLOGICAL ASSESSMENT

Infants receiving intensive care are at increased risk of
neurological injury and neurological status must be
routinely evaluated. Detailed neurological evaluation may
not be possible in an infant requiring respiratory support.
Nevertheless, once stable, a formal clinical neurological
assessment is recommended. In babies born preterm, a
normal neurological assessment on reaching full term, in
conjunction with lack of evidence of major abnormality
on cranial ultrasound scan, has good positive predictive
value for a favorable long-term outcome.”” At the very
least, weekly measurement of head civcumference as an
index of brain growth should be considered mandatory,??
Regular cranial ultrasound scans are useful, but due care
must be taken to ensure high quality scans. Appropriate
senior advice must be sought before conveying prognostic
information to parents on the basis of ultrasound imag-
ing." A cranial ultrasound scan should be obtained on
admission to the neonatal intensive care unit and at regular
intervals thereafter.

The electroencephalogram {EEG) is widely used in full-
term infants with acute neonatal encephalopathy, and
its prognostic value has now been confirmed by several
studies. The amplitude-integrated EEG (cerebral function
monitoring) is a technigne that is likely to increase in use.’®
It is easy to use at the cotside and allows continuous moni-
toring over prolonged periods. Its utility has been demon-
strated in full-term infants with neonatal encephalopathy!

and familiarity with preterm patterns is increasing.!!

PREVENTION OF NOSOCOMIAL INFECTION

Neonates are particularly vulnerable to infection, espe-
cially bacteremia, This affects less than 7 percent of
full-term babies, but as many as 50 percent of extremely

premature babies. Bacteremia substantially increases the
risks of death and long-term impairment. Infections
diagnosed after the first 72 hours after birth are arbi-
trarily considered to be acquired nosocomially (hospital-
acquired). This terminology may unfortunately detract
from the importance of recognizing the iminunological
compromise of the preferm: neonate as a major factor
underlying these high infection rates. Immature immune
responses include reduced phagocytosis, opsonization
and intracellular killing,'? decreased immunoglobulin con-
centrations, as well as poor skin** and gut barrier func-
tion.” The risk of sepsis is further increased by the use of
invasive devices and parenteral nutrition.

Coagulase-negative staphylococci (ColNS) are now the
most common cause of bacteremia in neonatal intensive
care units in the developed world.* There are difficul-
ties in the diagnosis of CoNS septicemia, as the organism
is a ubiquitous skin commensal, which often results in
contamination of blood cultures. A positive diagnosis
should include both the presence of clinical signs of
sepsis and a positive blood culture.

Several adjunctive therapeutic approaches have and
are being explored for both prophylaxis against sepsis
and its treatment. Until these trials report good general
hygiene, the disciplined use of infection control protocols
and obsessional band hygiene, remain the mainstay of
practice. The anti-infective properties of raw maternal
breast milk are well known and the use of expressed
maternal breast milk should be promoted in intensive care
units. Another simple 1neasure of benefit is keeping the
cord ¢lean which appears to be as effective and safe as
using antibiotics or antiseptics.””

Prophylactic vancomycin in low doses reduces the inci-
dence of total nosocomial sepsis and coagulase-negative
staphylococcal sepsis in neonates. Meta-analysis of con-
trolled trials, however, did not find mortality or length
of stay to be significantly altered." No increase in van-
comycin toxicity was detected, but there was insuffi-
cient evidence to ascertain the risks of development of
vancomycin-resistant organisms in the nurseries involved.
As few clinically important benefits were demonstrated,
routine prophylaxis with vancomnycin cannot be recom-
mended at present.

In two small studies, prophylactic application of emol-
lient ointment decreased transepidermal water loss,
decreased the severity of dermatitis, and decreased the
risk of suspected and proven sepsis.*® Further studies are
required to test the efficacy of this simple intervention.

Intravenous immunogiobulin (IVIG} has been widely
studied. Approxitnately 5000 preterm and/or low birth-
weight infants have been recruited into 19 randomized
controlled trials of IVIG as prophylaxis against infec-
tion.”® IVIG administration resulted in a 3 percent reduc-
tion in sepsis and a 4 percent reduction in one or more
episodes of any serious infection, but was not associated
with reductions in other important clinical cutcomes or
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in length of hospital stay. IVIG administration did not
have any effect on mortality from any cause or from
infections. Though prophylactic use of IVIG is not asso-
ciated with any shori-term serious side-effects, from a
clinical perspective a 3—4 percent reduction in nosoco-
mial infections without a reduction in mortality ot other
important clinical outcomes is of marginal importance.
By contrast, IVIG as an adjunctive therapy during sepsis
does appear to merit further evaluation. A review by
Ohlsson and Lacy found that treatment with IVIG in
neonates with suspected infection resulted in a reduction
in mortality of borderline statistical significance.”® Treat-
ment with IVIG in cases of subsequently proved infection
did result in a statistically significant reduction in mor-
tality [typical RR 0.55; 95 percent CI 0.31, 0.98; number
necessary to treat 11 (95 percent CL; 5.6, 100)]. If con-
firmed, this would be an important advance in clinical
management.

Other modalities that are currently being explored in
planned or current randomized controlled trials in neo-
nates are the use of the hemopoietic colony-stimulating
factors (CSFs), granulocyte and granulocyte-macrophage
CSF {G-CSF and GM-CSF),* probiotics and the phospho-
diesterase inhibitor, pentoxifylline.?” It is also relevant to
emphasize the need to avoid instituting measures that have
not been shown to be of benefit, such as routine gown-
ing, gloving and masking, or that are detrimental, such as
limiting the mother’s contact with her baby.

DEVELOPMENTAL CARE

Developmental care includes vestibular, auditory, visual
and tactile stimuli, clustering of nursery care activities, and
positioning of the infant. Individual strategies have aiso
been combined to form programs, such as the ‘Neonatal
Individualized Developmental Care and Assessment
Program’ (NIDCAP).> Whether developmental care inter-
ventions are of benefit is as yet uncertain. A Cochrane
review detected 31 eligible randomized controlled trials
involving developmental care interventions.” The review
showed that, although analysis demonstrated developmen-
tal care interventions were of benefit to preterm infants
with respect to decreased respiratory support, decreased
length and cost of hospital stay and improved neuro-
developmental outcomes to 2 years corrected age, those
analyses were not of more than two trials for any one out-
come and there were a large number of outcomes for
which no effect or conflicting effects were demonstrated.
Before recommending the adoption of developmental care
practices, consistent evidence of long-term benefit for
infants and/or mothers would seem desirable. The cost
of the interventions and personnel was not considered in
any of the studies. Although no major harmful effecis
were reported, the economic implications of implernenting

and supporting developmental care interventions also
require consideration.

OTHER ROUTINE MEASURES

The focus on acute management issues during neonatal
intensive care should not be allowed to detract from due
attention to sometimes less acute, but just as impor-
tant concerns. These include ensuring that screening
for inborn errors of metabolism, hemoglobinopathies,
retinopathy of prematurity and hearing are carried out
at the appropriate times, Vitamin K prophylaxis against
hemorrhagic disease of the newborn is recommended for
all infants and should be given as soon as possible after
birth. Contraindications to routine imrmunizations are
rare and these should usually be offered to all infants.

FAMILY AND STAFF SUPPORT

Support for the infant’s family should be regarded an
essential component of good intensive care. This will
include careful, repeated and patient explanation of what
are often difficult clinical issues, encouragement to visit
and undertake appropriate care and comfort-related tasks
and explanation of research issues and the uncertainties
that underlie inany practices.

Sadly, death is a not infrequent occurrence in neo-
natal intensive care units and paradoxically may be more
difficult to manage when it does not occur acutely or
when it occurs after a long and difficult clinical course,
In these circumstances, counselling and support for staff
are as essential as for the family. Junior staff may not
appreciate the classic course of bereavement, with initial
disbelief and denial, followed by guilt, despair and anger
until finally a stage of resolution is reached. They often
need support in dealing with their own grief as well as in
coping with parental anger that may appear to be directed
towards them.

Administrative procedures in the event of an infant
death should be both efficient and considerate. Parents
should be offered an appointinent with, ideally, a senior
member of both nursing and medical staff to afford the
opportunity to discuss issues and have questions answered,
regardless of whether or not a postmortem examination
has been carried out. Though difficult to evaluate, it is
believed that counselling reduces the risk of psychiatric
and pyschosomatic morbidity following bereavement.
Many organizations have drawn up guidelines for bereave-
ment support. These recommendations include the need
to emphasize the reality of the event by encouraging par-
ents to see, hold and name their baby and be involved in
funeral arrangements and stress the importance of expert
counselling and sympathetic listening by well informed
and well trained professionals.
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Nutritional support for preterm infants attempts to
reproduce in utero growth rates. This requires additional
amounts to compensate for factors such as thermogene-
sis and infection. Allowance for the metabolic cost of
growth must be made, being between 20 and 30 percent
of the energy value of the incorporated tissues.5>"
Aggressive attention to nutrition has been shown to
improve growth rates and biochemical parameters of
well-being.”” Attention to nutritional support has also
been shown to influence developmental indices.”>1375
1t may also interact with many of the factors thought to
predispose to lung damage.” While it is logical to pay
attention to nutritional support, it has not been shown
per se to reduce respiratory morbidity or to improve sur-
vival chances. Undernutrition in newborn pups exposed
to oxygen, however, doubles mortality,” and lung weight
decreases during starvation.’' In addition, malnutrition
has been shown to weaken diaphragmatic function in
adults.’

GUT MATURATION

Antenatal aspects

Swallowing activity has been observed from 16 weeks in
the human fetus, with an appreciable amount of amnio-
tic fluid being swallowed at that gestation.”” Observation
of contrast medium in wutere has suggested that
there is little intestinal activity before 30 weeks of gesta-
tion; motor activity reaching the colon is present by
34 wecks.®?

Postnatal aspects

SUCKING

In premature infants, effective sucking develops at
34 weeks of gestation, although sucking activity is present
earlier. An increase in both the number of sucks per burst
of sucking and the frequency of sucks and improved
coordination of sucking with swallows occurs with
increasing maturity.'>*

ESOPHAGEAL FUNCTION

Immature contractions of the esophagus have been shown
in premature infants, with poor propagation and abnor-
malities of the peristaltic waves.”> Immaturity of the
coordination of esophageal motor function, not inade-
quate lower esophageal sphincier pressure, is the cause of
poor esophageal function in preterm infants.’® Above
33 weeks postmenstrual age, the motor mechanisms regu-
lating the upper esophageal sphincter are developed.®
Parameters of normal esophageal acid reflux are different
from those seen in adults and in older children.'” In
infants, the upper limits of normality are higher.?” Con-
siderably more reflux occurs in the supine position.”®

GASTRIC EMPTYING

Gastric motor activity is similar in children and aduits.
The pressure generated by contractions of the gastric
antrum increases with increasing gestational age.” Gastric
emptying of glucose solutions in infants was slower with
higher concentrations of glucose, although the total
amount of glucose entering the duodenum per unit time
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was increased.*® Starch is emptied more quickly than glu-
cose,*! which is the reverse of what is found in adults.
Breast milk empties more rapidly than formula milk,'®
without any demonstrable difference in motor activity
patterns,” suggesting that the faster emptying is not
mediated by a simple increase in motor activity.

In preterm infants, gastric emptying follows a biphasic
tirne course for human milk and a linear time course for
formula milk, being faster for the former.'* The emptying
rate increases with weight, but not with gestational age.
Osmolality does not influence the gastric emptying rate
in preterm infants, but increasing caloric content slows
emptying. Medium chain trigiycerides are emptied more
rapidly than long chain triglycerides, and glucose polymers
are emptied more rapidly than ghicose monomers. 35
The feedback inechanism that slows gastric emptying with
increased caloric density may be more sensitive in preterm
than term infants.® Non-nutritive sucking leads to an
increase in gastric emptying®® and may improve growth.®

INTESTINAL ACTIVITY

In the preterm infant, small intestinal motor activity
shows developmental maturation.®%>67 Agsociation of
antral and duodenal activity increases significantly with
increasing gestational age. Feeding influences activity
patterns in a manner that correlates better with both
bolus feed volume and length of time during which the
infant has been exposed to milk, rather than with gesta-
tional age." Feeding leads to disruption of the fasting
pattern of activity in premature infants greater than
35 weeks of gestation. Exposure to feeding enhances the
maturation of gastrointestinal hormonal concentrations®®
and of intestinal enzyme concentrations.* The duration
of the disrupted pattern of activity is shorter in those fed
human rather than formnula milk.* Postprandial rises in
hormonal concentrations have been shown in term
infants with blunted rises in prematurely born infants.™®
Those results suggest early introduction of enteral feeds
should lead to earlier tolerance of feeding. A number of
clinical studies have supported that hypothesis.** Prema-
ture infants older than 30 weeks of postmenstrual age
have normal anorectal pressures and a normal anal
reflex.?

Hiness causes ileus. This may be due to excessive
inhibitory enteric nervous systemn activity. In adult stud-
ies, administration of sympathetic blockers had no effect,
however. The effect of chronic lung disease on the gut of
preterm infants has been studied, These infants have less
reflux of gasiric acid to the upper esophagus than control
infants.%® What reflux occurs is due to transient lower
esophageal sphincter relaxations, and esophageal clear-
ance mechanisms are fully functional®® Morphine is
known to have an inhibitory effect on gut motor action
{(p- 209). Hypokalemia, if severe, may also inhibit motor
function.

ENERGY REQUIREMENT AND METABOLISM

Very low birthweight {VLBW} infants have low energy
reserves.”” Infants, particularly those born prematurely,
require proportionately greater intakes of energy, fluid,
protein and micronutrients. In malnutrition, lean body
mass and the mass of essential organs is greater, Basal
energy expenditure may appear to be high if body weight
15 used as the denominator. Conversely, severe starvation
may result in reduced basal energy expenditure. The
preterm infant has a lower resting metabolic rate than
the term infant when expressed per unit surface area and
lacks the ability to increase metabolic rate in response to
cold stress. Hormonal adaptation to stress in preterm
infants is suboptimal.** Nitrogen balance in preterm
infants in the first days after birth is frequently negative
using current feeding regimens.®® It is also negative for
up to 96 hours after surgery.”® In term infants, respira-
tory quotient {RQ) studies show an increase in the use of
fat by 30 hours of age.'™ The energy expenditure of ven-
tilated infants is less than that of sponfanecus breathing
infants.”® Energy expenditure was shown to be increased
in five infants with CLD.*!

INFLUENCE OF NUTRITION ON SHORT- AND
LONG-TERM OUTCOME

Major nutrients

A two 10 one ratio of carbohydrate and lipid is usually
considered optimal for growth in well children. 11l infants
may be unable to metabolize lipids. One influential source
has recoinmended restricting lipid intake to that required
to support essential fatty acid needs {0.5-1 g/day) (p. 403)
in infants requiring suppleinentary oxygen, because of
concern over increasing the pulmonary artery pressure.**
Respiratory quotients are 0.71 for fatty acids, 0.81 {on
average) for proteins and 1.0 for carbohydrate. The work
required of the lungs to eliminate carbon dioxide should
then be lower if the lipid content of the diet is increased.
When a high fat formula was tried in ten infants with
CLD,” a decrease in CO, production was seen with no
difference in tolerance, but there was no change in pul-
monary function and growth was slower. In addition, use
of a higher density feed in a study of 60 infants failed to
identify any improvement in pulmonary status or growth,
despite a higher energy intake.>! Lipid intake may have
detrimental effects on lung function. Adult studies have
shown that lipid infusion lowers Pa0,. This may be dueto
an effect of the lipids on eicosanoid production, leading
to ventilation—perfusion mismatch> Suggestions that
preterm infants given generous quantities of lipids were
more likely to develop CLD have not been confirmed.!
Histological studies, however, have shown deposition of
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lipid in perivascular lung tissue.®* There has been con-
cern that intravenous intralipid emulsions might induce
thrombocytopenia; reduced platelet numbers, however,
were not found in preterm infants who received a range
of lipid intakes for up to 4 weeks.*® Similarly, studies have
demonstrated normal immune function in infants receiv-
ing intravenous lipid emulsions.

Essential fatty acid deficiency has detrimental effects
on respiratory function, perhaps by reducing surfactant
production.®® Illness affects essential fatty acid meta-
bolism. Plasma arachidonic and decosahexaenoic acid
levels decrease during acute illness in infants, suggesting
preferential oxidation.* A recommended essential fatty
acid composition of 3 percent fat intake may be insufficient
to obtain normal profiles in sick infants.%! Adequate simul-
taneous energy intake is required to prevent oxidation of
lipid.

Other nutrients

Glutamine administration has been shown to have bene-
ficial effects on gut barrier function in adults and in neo-
natal pigs.'* Meta-analysis of the results of three trials of
supplementation in preterm infants, however, did not
show a clinical benefit,”¥ but a reduced length of time of
administration of parenteral nutrition was noted in sup-
plemented infants in another study.*® Inositol supple-
mentation may produce significant improvements in
short-term outcomes®™* and nucleotide supplementa-
tien in a growth retarded group of infants can improve
catch-up growth.'"® Hypophosphatemia may lead to
impaired oxygen transport, due to its effect on red cell
membranes and to weakened respiratory muscle function.?

Antioxidants

Oxygen is toxic to lungs (p. 403) as it produces reactive
intermediates such as hydrogen peroxide and hydroxyl
radicals. Prevention of free radical damage is achieved
by many iniracellular and extracellular substances includ-
ing acute phase proteins and intracellular catalase and
superoxide dismutase. Nutritional substances including
vitamins C and E, taurine, selenium and the drug
N-acetylcysteine have been given in an attempt te protect
against the effects of excess free radicals during severe ill-
ness. In very preterm infants, however, total antioxidant
activity has not yet been correlated with outcome.?
Polyunsaturated fatty acids have been shown to protect
against free radical lung injury in rat models* and satu-
rated fatty acid supplementation improves survival of
newborn piglets challenged with high oxygen satura-
tions. Results from VLBW infants categorized by their
fatty acid status have suggested that essential fatty acid
deficiency increases measures of red cell susceptibility to
oxidative stress.”?
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Method of administration

The relationship between morbidity and the method of
administration of nutrition is complex. It includes aspi-
ration associated with enteral feeding, infection associated
with indwelling lines, delay in gut maturation associated
with excessive early reliance on total parenteral nutrition
and direct interference with immunological {e.g. com-
plement) function and lung physiology by intravenous
nutrition {p. 411). Infection causes respiratory morbid-
ity, and a major source of pathogenic organisms in the
gastrointestinal (GI} tract. In a study of surgical neonates,
15 of 24 episodes of sepsis were due to translocation of
enteral organisms. The organisms which caused septicemia
were always present in the GI tract, often at high concen-
tration.”* Maintaining the transepithelial barrier in the
gut reduces the theoretical risk of infection. Enteral
nutrition is important for maintaining mucosal integrity.”

MODE OF ENTERAL FEEDING

Clinicians are appropriately concerned about the effect
of enteral feeding on pulmonary function, particularly in
infants with respiratory illness. In a study examining feed-
ing methods, tidal volume, minute volume and dynamic
compliance were lower in VLBW infants with respiratory
distress given bolus feeds."' Continuous feeding may,
therefore, be preferable in patients with respiratory insta-
bility. Small decreases in cerebral blood flow velocity
{about 10 percent) were seen 5-11 minutes after bolus
feeding.® Comparison of continuous and bolus feeds
{over 5 minutes every 2-3 hours) in preterm infants
demonstrated that pealk energy expenditure was 15 per-
cent higher and mean energy expenditure was 4 percent
higher in the bolus-fed group.®* There are, however, ani-
mal data suggesting that bolus feeding stimulates small
intestinal growth® and bolus feeding may be associated
with more physiological endocrine function and promo-
tion of more normal biliary kinetics. These resuits iliustrate
the difficulties of balancing longer-term gastrointestinal
advantages against possibly detrimental immediate res-
piratory disadvantages.

ADMINISTRATION OF NUTRITION

The specific questions of whether the addition of carbo-
hydrate, fat and protein to the feeds of preterm infants
are beneficial have been addressed. 5%

Enteral feeding

TYPE OF FEED

There is considerable evidence for the beneficial effects
of human milk feeding.®® Growth may be less than that
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noted on preterm formula, but betier developmental
indices in later infancy and a reduced risk of necrotizing
enterocolitis are associated with human milk feeding.*
Adapted preterm formula, with its increased content of
protein, energy and sodium, produces better growth. For-
tification of breast milk with multicomponent additives,
however, can improve growth while offering the benehts
of human milk.>*" Tt is the author’s practice to preferen-
tially use human milk; if mother’s milk is unavailable then
banked donor milk is used, adding a human milk fortifier
at half strength for 24 hours then at full sirength once full
enteral feeding (at least 150 ml/kg/day) is established. If
human milk is not available or not desired, term formula
is used until full enteral feeding is established, and then
intake is converted to a preterm formula over 24 hours,

WHEN TO FEED

Clinical researchers have attemnpted to show the benefits
of aggressive feeding policies.”

Early or late

Feeds may be introduced early or late, and may then be
progressive or trophic (also called minimal enteral nutri-
tion). In a review updated in 1999, Kennedy ef af, found
only two eligible studies comparing early progressive
feeding with late progressive feeding.*® Early feeding was
defined as introduction by 4 days of age and late feeding
as introduction after 4 days of age. While some benefits
of early feeding were suggested, the data were not enough
to convince the authors of the superiority of either
policy. It is the author’s practice to start feeds (in infants
born less than 1800 g} within the first three days if appro-
priate for gestational age (greater than the tenth per-
centile), and without obstetric evidence of antenatal
reversed end-diastolic blood flow velocities in the umbil-
ical arteries, at a rate of less than 15 mi/kg/day. For infants
with documented antenatal reversed end-diastolic flow,
feeding should be delayed for at least seven days.

Trophic feeding

Tyson and Kennedy” identified eight eligible studies com-
paring minimal enteral feeding with delayed feeding.
Minimal enteral feeding ranged from 12 ml/kg/day to
24 mi/kg/day and was introduced as early as the first day
to as late as the eighth day. The data suggested that mininal
enteral feeding had a significant advantage in terms of
days to achieving full enteral nutrition and total hospital
days. There was no increased risk of necrotizing entero-
colitis. Since that review, further evidence for the benefit
of trophic feeding has been produced. In a study includ-
ing 100 infants with birthweights of less than 1750 g who
required ventilatory support, mean reduced times to full
enteral feeding, requirement for supplementary oxygen
and hospital stay were found.®? In that study, trophic feed-
ing was defined as enteral feeding from day 3 to the end
of ventilatory support at a rate of 0.5-1.0 ml/h (probably

equivalent to a maximum of approximately 20 ml/kg/day).
In another study of 171 infants born between 26 and
30 weeks of gestation, improved biochemical indices were
found in infants who experienced trophic feeding.*® In
that study, trophic feeding meant 20 ml/kg/day for 10 days.

RATE OF INCREASING FEEDS

Kennedy et al.® reported on three studies comparing slow

versus rapid increase in feeds. A slow increase meant 10,
15 and 20 ml/kg/day and a fast increase meant 20, 30 and
35 mi/kg/day. No effect on the rate of necrotizing entero-
colitis was demonstrated, but the confidence intervals
were large. It is the author’s policy to increase feeds at a
rate not exceeding 35 ml/kg/day for well infants, and not
exceeding 20 ml/kg/day for infants with particular risk
factors for necrotizing enterocolitis.

MODE OF ADMINISTRATION

Milk may be given by continucus or by bolus adminis-
tration. In a well-designed stratified study including 171
infants born between 26 and 30 weeks of gestation, infants
given bolus feeds had a greater rate of weight gain and
significantly less feeding intolerance.® In this study, bolus
feeding consisted of administration of the feed over
20-minute periods every 3 hours, In another smaller study,
however, no differences in retention of nitrogen, fat, total
carbohydrate and lactose, or in days to regain birth-
weight, to full enteral feedings or to discharge, or in com-
plications were found between the two methods.®” Infants
who received continuous rather than intermittent tube
feeding, however, did take longer to reach full enteral
feeds {weighted mean difference 3.0 days, 95 percent
C10.7,5.2).7

In keeping with the development of coordinated effec-
tive swallowing, breast or teat feeds become possible at
34 weeks of gestation. Delivery of oxygen by nasal cannulae
facilitates these types of feeding and should be introdnced
at this stage of development, in oxygen-dependent infants,

It is the author’s practice to use hourly bolus enteral
feeds, progressing to 2- and then 3-hourly bolus feeds;
mtroducing teat feeds at 3334 weeks of gestation. It is
important to be aware that undernutrition, in relation to
planned nutrition, may arise in belus feeding if residual
milk aspirated prior to following feeds is not returned.

Nasojejunal tubes and gastrostomies

Nasojejunal feeding can be useful in infants who are at
risk of recurrent aspiration of enteral feeds due to severe
gastroesophageal reflux. In infants who require prolonged
tube feeding and/or have delayed gastric emptying and/or
gastroesophageal reflux, then siting of a gastrostomy is
useful. Overnight gastric or gastrojejunal feeding can be
given to nutritionally support infants whose oral feeding
is inadequate. Provision of a multidisciplinary team includ-
ing dietitians and nutritional support nurses allows such
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infants to be cared for in the community rather than
have a protracted hospital admission.”

Intravenous nutrition

PROTEIN

In general, 1.5 gfkg/day of protein is sufficient to avoid
catabolism in all neonatal populations and perhaps can
be achieved by as low as 1-1.5 g/kg/day of parenteral pro-
tein in extremely low birthweight (ELBW) infants.”! This
latter intake has been suggested to be the lower limit at
which to start intravenous protein delivery.”! In critically
ill malnourished infants, protein intakes in excess of
2 g/kglday, however, were required to increase nutritional
inarkers above baseline.** In ELBW infants protein intakes
need to be advanced to 3.7-4 g/kg/day to achieve in utero
protein deposition rates.®! Infants who receive only dex-
trose infusions lose 1 percent of their protein stores each
day.*’ A number of studies have demonstrated that infu-
sion of amine acids with glucose as early as the first day
after birth reduces protein catabolism.? % Monitoring of
blood urea nitrogen and ammonia concentrations and
assessment of pH and base excess levels has suggested that
early and aggressive intravenous protein administration
is safe.”!

GLUCOSE

The minimal glucose requirement to provide for basic
metabolic needs is approximately 6 mg/kg/min. Glucose
administration is also needed to snpport protein deposi-
tion and this means an additional glucose intake of
2-3mg/kg/min per gram of protein intake.”! Glucose
administration is frequently limited by the development
of hyperglycemia. Administration of insulin is the pre-
ferred strategy to deal with hyperglycemia, as reduction
in the glucose intake will prevent adequate nutrition.
Insulin administration has been shown to successfully
lower the glucose concentration and increase weight gain
without undue risk of hypoglycemia.'” In normoglycemic
ELBW infants, administration of insulin resulted in a sig-
nificant elevation of plasma lactate and the development
of a metabolic acidosis.”® The upper limit of glucose
administration is that which exceeds the maximal glucose
oxidative capacity and excess glucose is converted into fat.”!
The upper limit in neonates is probably about 12-13 mg/
kg/min,* but unexplained carbon dioxide production
may indicate a lower limit is needed in certain individuals.

LIPID

In ELBW infants, essential fatty acid {EFA) deficiency can
develop within 72 hours if exogenous fat is not given.?”
This can be prevented by administering as little as
0.5-1.0 grkg/day of intravenous lipid.*! Current recom-
mendations suggest that lipid intake should not exceed

3 g/kg/day. An increased alveolar arteriolar gradient of
oxygen occurred when 4 glkgiday of lipid was adminis-
tered over 24 hours as compared to over 16 hours." Lipid
emulsions of 20 percent rather than 10 percent are recom-
mended, because the 10 percent emulsions have a higher
phospholipid content which impedes plasma trigiyceride
clearance.?

FUTURE DEVELOPMENTS

Animal studies, supported by some human evidence, have
shown a relationship with measures of lung function and
development. Further developments in this field will
undoubtedly relate to how nutritional status affects the
lungs’ ability to resist hyperoxic damage, effect repair, and
resist infection, and how it influences the development
of chronic lung dainage such as that found in broncho-
pulmonary dysplasia in surviving preterm infants.*”
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Developments in the care of neonatal respiratory disorders
have relied on close monitoring of the physiological state
of the infant. Measurements of heart rate, respiratory
rate and temperature form the basis of the monitoring of
any sick child, while measurement of blood gases and
acid-hase state are particularly important in respiratory
disease. In ventilated infants, it is also possible to monitor
the interaction of the infant with the ventilator (p. 157).
The clinical interpretation of data provided by monitoring
requires a knowledge of the underlying physiology and an
understanding of the limitations of the measuring devices.

BLOOD GASES

Measurement of blood gases and acid—base balance pro-
vides important information about ventilation, perfusion,
gas exchange and control of breathing.

Oxygen

The monitoring of oxygenation is fundamental to the
assessiment of infants with respiratory problems. The gold
standard is the partial pressure of oxygen in arterial blood
(Pa0;). This can be measured intermittently by arterial
puncture or sampling from an indwelling catheter, or
continuously by an intravascular electrode.

ARTERIAL PUNCTURE

Arterial punctures are painful. If the infant is crying or
struggling, the Pa0, can change significantly from the true
value.” Blood is usually obtained from the radial artery.
The femoral artery should be avoided in the newborn as
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there is an increased risk of nerve and vascular damage as

well as a risk of sericus infection if the hip joint is entered.

If the ductus arteriosus is patent, right to left shunt may
result in a higher PaO, in the right arm and head/neck
compared with other areas of the body. A survey of UK.
and [reland neonatal units highlighted that only 39 per-

cent of units used arterial stabs, preferring continuous

monitoring.”’

CAPILLARY SAMPLES

Arterialized capillary blood samples are used commonly
to estimate blood gas values. Results can be misleading
if the infant is poorly perfused or the sample is not free
flowing. Exposure of the blood to air will significantly
change both PO, and PCO;. In general, capillary samples
significantly underestimate PaC; and are of little use in
agsessing oxygenation.>®

INDWELLING ARTERIAL LINES

The use of indwelling arterial lines allows repeated blood
sampling without disturbing the infant and permits
continucus blood pressure monitoring.

Umbilical artery catheter (UAC)

These are commonly used in newborn infants. The
catheter tip is positioned in the descending aorta to avoid
the renal arteries, It is usually placed either above the
diaphragm (high) or just above the aortic bifurcation
{low). High catheters are associated with fewer complica-
tions and can remain in situ for longer.'** Concern has
been raised about the effect of high catheters on splanch-
nic blood flow. During the first week after birth no dif-
ference was seen in mesenteric arterial blood between
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high and low catheters. After 7 days, however, reduced
flow was seen in infants with high catheters,** although
this did not translate into any difference in incidence of
necrotizing enterocolitis.*>

UACs have been associated with a number of complica-
tions including thrombus formation, although clinically
significant events are rare. There is no evidence that the
material used alters the risk of thrombus,'? but side-hole
catheters carry a higher risk of thrombus formation than
end-hole catheters.!' Low-dose heparin added to the infu-
sion fluid has no apparent adverse effect and reduces the
risk of the catheter becoming blocked." Sampling from the
umbilical catheter has been shown fo affect cerebral blood
flow,% but the clinical importance of this is unknown. Most
studies report only short-term follow-up, but long-term
thrombotic complications have also been documented.,!

To facilitate appropriate positioning of the catheter,
many reference charts have been produced,” but an
x-ray is needed to confirm the site of the tip.

Peripheral artery catheters

Cannulation of a peripheral artery allows rapid access to
the arterial circulation. The radial or posterior tibial arter-
les are most commonly used but the dorsalis pedis artery
is a suitable alternative. In preterm infants, the brachial
and femoral arteries should be avoided. Transillumina-
tion of the limb, using cold light, can delineate the arteries
in premature infants.

Complications are rare but vasospasin and thrombus
formation ¢an cause major problems in the distal limb.
Low-dose heparin must be added to the infusion and the
limb observed closely. Glyceryl trinitrate patches can be
helpful.

Continuous intravascular blood gas monitoring

A drawback of intermittent sampling is that major fluc-
tuations in condition may be difficult to follow in unstable
infants. Increasing the frequency of sampling introduces
significant blood loss in small infants, Continuous intravas-
cular Pa0O, moenitoring using a Clarke electrode has been
possible for many years.* Although reliable, the accuracy
of the electrode deteriorates due fo fibrin deposition.
More recently, an intravascular catheter which measures
PO, PCO,, pH aud temperature continuously has been
developed (Neotrend — Diametrics Medical Ltd, High
Wycombe, UK). There can be difficulties with insertion
of these catheters but once 1n siti they have been shown
to work well, giving continuous blood gas data.”

NON-INVASIVE MONITORING

Non-invasive methods of oxygen monitoring are now
in widespread use because of the limitations of intra-
arterial lines and repeated blood sampling.

Transcutaneous oxygen moenitoring
Elecirodes capable of measuring trauscutanecus PO,
(TcO,) were introduced in the early 1970s. A heater

arterializes the blood in the skin and oxygen diffuses
through a membrane into the electrode where it is reduced,
setting up an electric current, the size of which is related
to the partial pressure. Calibration takes several minutes
and is required before, and at intervals during, use. Once
sited, the elecirode takes around 15 mninutes to equilibrate
and start giving ineaningful readings. The heat from the
electrode will burn the skin if it is not inoved to a new site
regularly. In term infants, using a temperature of 43°C,
resiting may only be needed 8-hourly.*! In some preterm
infants, if a temperature of 44°C is used, resiting every
2 hours may be required.”® The combination of resiting
and recalibration can mean that the sensor is not record-
ing on the baby for substantial periods of time.

Falsely low readings are obtained if the sensor is placed
over thick or poorly perfused skin, for example a bony
surface, if the infant lies on the electrode or if there is
poor peripheral circulation.®! Falsely high readings occur
if poor contact between the sensor and the skin allows air
to get under the electrode,

The time taken for diffusion causes a delay before
changes in PaO, are registered by the monitor. In 16 infants
with recurrent acute life-threatening events, the median
delay between the oxygen saturation falling to 60 percent
and the transcutaneous monitoring registering 2.5kPa
(20 mmHg) was 16 seconds with the longest delay being
30 seconds.®! Transcutaneous oxygen values depend on the
temperature of the electrode.”® For every 1°C reduction
in temperature below the optimal 44°C, the measured
oxygen tension falls by approximately 2 kPa (15 mmHg).*
There is a larger difference between TcO, and Pa0Q, in
older infants with thicker skin.”> Within infants, however,
the ratio between TcO, and PaO, remains constant so that,
although absolute values may not be accurate, the trend
of changes in TcO, can still be reliable. Difficulties in
the use of transcutaneous oxygen monitoring have been
reported in infants with chronic lung disease, possibly due
to changes in skin perfusion.®®

The sensitivity and specificity of transcutaneous
monitors at detecting hypoxia [defined as a PaO, less
than 6.6 kPa (50 mmHg)] have been estimated at 85 per-
cent and 97 percent, respectively. For hyperoxia [defined
as a PaQ), greater than 13.3 kPa (100 mmiHg)], the sensitiv-
ity is 87 percent and specificity 89 percent. This means
that the monitors will miss approximately 15 percent of
both hypoxic and hyperoxic events, defined by these m-
its.> Target values for TcQ, depend on maturity, severity
of illness and nnderlying diagnosis. It 18 commeon prac-
tice in preterin infants to aim for TcO, between 6 and
10kPa. Marked variability in TcO; in the first week of
life has been associated with significant retinopathy of
prematurity.??

Saturation menitoring
Pulse oximeiry is now the predominant method of oxygeu
monitoring. It is based on the principle that oxygenated
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hemoglobin absorbs light in the infrared region of the
spectrum (85-1000 nm) whereas deexygenated heinoglo-
bin absorbs light in the visible red band (600-750 nm).
The probe transmits light at 660 and 940 nm through the
tissue which is then measured by a photodetector. The
ratic of the light absorbed at the two wavelengths correlates
with the proportions of oxygenated and deoxygenated
hemoglobin in the tissues. The pulsation of the blood
vessels changes the path length of the light and this alters
the amount of light transmitted during each pulse. The
oximeter uses this property to measure only light absorbed
by pulsating parts of tissue, that is, the hemoglobin in the
blood vessels.

The probes are easily attached and require no calibra-
tion, so they provide immediate information. There are,
however, several problems which can result in incorrect
readings. An optical shunt occurs when light is received
by the photodetector that has not passed through tissue;
this may result from misalignment of the sensor or from
exposure to ambient light. With ambient light the satura-
tion trends to 85 percent — the value at which the ratio of
red to infrared light equals one. In most probes there are
two transmitting dicdes, for the two wavelengths, placed
2-3 mm apart, and the effect of any optical shunt depends
on which wavelength is bypassing the tissue. Poor perfu-
sion can affect function. Most pulse oximeters need a
pulse pressure of greater than 20 mmHg,**** or a systolic
blood pressure greater than 30 mmHg.”” With lower pulse
pressures, there is an increase in missing and incorrect
values.”>”” The use of tight, non-compliant tape can affect
the signal by impairing the arterial pulsation.

An important source of artifact is movement of the
patient. Interpretation of the saturation readings is impaos-
sible without some means of assessing whether there
is movement artifact. Most oximeters show the light

Saturation 0,

plethysmography waveform, which gives good informa-
tion on signal quality.” Another validation method is to
compare the pulse rate measured by the oximeter with
that from an ECG monitor.*’ Saturation readings are
reliable when the heart rates are similar (Figure 17.1).
Oximeters differ in the way they deal with poor quality
signals and possible artifact. Some show no value, but
others continue to display a reading but with an alarm.
The precision of the measurements is not affected by
fetal hemoglobin® or bilirubin.® To reduce artifact, pulse
oximeters often average their wvalues over periods
between 2 and 15 seconds. Longer averaging time slows
the reaction to rapidly changing values, reducing the rate
of false alarms. This, however, also slows the response to
true changes in oxygenation so that brief desaturations
will be missed. It may also be more difficult to interpret
the temporal relationship between changes iu oxygena-
tion and cardiorespiratory events, such as apnea or
bradycardia, Newer oximeters are addressing the prob-
lem of movement artifact. One instrument (Masimo
Signal extraction technology) reduces false alarms by
mathematically manipulating the red and infrared light
absorbance to identify and subtract the noise compo-
nents associated with these signals.?® In preterm infants
this monitor identified true desaturations and brady-
cardias at least as reliably as a conventional oximeter,"”
but with 93 percent fewer false alarms.'®

On the saine infant, two oximeters may display different
saturation readings’ and data from one make of monitor
cannot be transferred to another.’® Oximeters determine
saturation values from ‘lock up’ tables based on data from
healthy adults and may not have been validated for infants
and young children. Some instruments display ‘func-
tional’ saturation and others ‘fractional’” saturation. The
latter allows for levels of carboxyhemoglobin and
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methemoglobin and is in general 2 percent lower. As pulse
oximeters use data froin healthy adults to determine sat-
uration values, low saturations will not be included in
the reference data and these have been derived by extra-
polation from higher values. This may lead to an under-
estimate of the true degree of hypoxemia and this
imprecision will be exacerbated by the effects of move-
ment artifact. Sensitivity and specificity for the detection
of hypoxemia have been estimated at 92 percent and 97
percent, respectively.®® These data, however, were derived
from studies where conditions were optirnal and the val-
ues may well be lower in ‘real life’. Because of the shape of
the hemoglobin dissociation curve, pulse oximeters are
not suitable for detecting hyperoxia.

Baseline oxygen saturation during quiet sleep, and at
times free from apneic pauses, varies between 95 and 100
percent in preterm and 97 and 100 percent in older
infants.$%*% Episodic desaturations are common and
their frequency varies with age. In preterm infants at the
time of discharge from hospital, episodes of desaturation
to below 80 percent for more than 4 seconds were found
in most patients but this became relatively rare by 6
weeks later,®> Such episodes were rare in full-term infants
at G weeks of age but shorter episodes were still com-
mon.3® These studies were done using an oximeter in
beat-to-beat mode. A recent report looked af saturation
levels in healthy infants over the first 6 months after birth
using an oximeter with a short averaging time (3 seconds).
The median baseline oxygen saturation was 98 percent
with the tenth percentile at 95.2 percent, and this did not
change with age. Acute decreases in saturation of at least
10 percent of baseline were normal phenomena, occurring
in almost two-thirds of the infants.*” Several studies now
confirm that the normal range for oxygen saturation in
infants is relatively narrow and a functional saturation
below 95 percent, obiained repeatedly while the infant is
breathing regularly, should be regarded as abnormal,
irrespective of age. Occasional falls in saturation by at
least 10 percent of baseline or to below 80 percent can be
regarded as normal during the first 6 months after birth.®
There are, however, no data that tell us at what baseline
saturation level intervention should be considered or how
often, or for how long, and to what nadir, saturation may
be allowed to fall. In other words we know a lot about
saturation menitoring in normal infants, but remain
uncertain about how to apply this technology to infants
with respiratory disease.

It is, therefore, difficult to recommend limits for
oxygen saturation in infants with lung disease. Applying
data from normal infants may increase their exposure
to supplementary oxygen. This may itself be damaging,
particularly in preterm infants where oxygen free radi-
cals contribute to much of the morbidity seen in these
infants.” Low saturations in infants with chronic lung
disease have been associated with acute life-threatening
events.!! Maintaining saturations above 95 percent,

however, may increase the incidence of chronic lung dis-
ease and retinopathy of prematurity.”*® Many recommend
that oxygen therapy be considered in infants whose base-
line saturation is less than 93 percent.”’ The safe upper
limif is uncertain, but recent outcome data point to this
being around 95 percent. In clinical practice it is impos-
sible to set such tight limits without there being an unac-
ceptable number of false alarms and infants in hospital
may be allowed lower saturations than 93 percent. If being
discharged home in oxygen, however, infants sbould be
nursed with a saturation above 93 percent.””

Artifact makes the interpretation of single values from
a pulse oximeter pointless. Continuous display of the sat-
uration with heart rate from the mnonitor and an ECG
allows visual exclusion of artifact and shows trends
{Figure 17.1). The use of oxygen saturation profiles have
also been shown to be a helpful way of guiding supple-
mental oxygen treatment.”

Carbhon dioxide

Monitoring the partial pressure of carbon dioxide (PCO,)
is important in determining the adequacy of alveolar
ventilation and interpreting the acid-base balance. PCO,
is affected by crying, which commonly occurs during
arterial puncture or capillary sampling. Capillary sam-
ples are useful for monitoring stable infants with chronic
respiratory problems, but care must be exercised in their
interpretation.”” The new generation of multiparameter
intravascular sensors (Neotrend) include continuous PCO,
monitoring.

TRANSCUTANEQUS CARBON DIOXIDE
MONITORING

Transcutaneous CO, (TcCO,) is commonly combined
with oxygen monitoring in the same probe. Most TcCO,
electrodes work by measuring the change in pH of an
electrolyte solution, separated from the skin by a hydropho-
bic membrane, which is permeable to carbon dioxide but
not to hydrogen ions. As carbon dioxide diffuses more
readily than oxygen, the electrodes can operate at lower
temperatures, although there is better correlation with
arterial blood gas tension at higher temperatures.®® The
electrodes are affected by poor perfusion. TcCO; is in
general 27 percent higher than the corresponding arterial
measurement, due partly to local tissue production of
carbon dioxide (approximately 0.5kPa) and partly to the
heating coefficient of blood. This difference is greater in
the hypercapnic range. The electrodes need calibration
against a known concentration of carbon dioxide every
4 hours. This can take 10 minutes, adding to the time that
the probe is not in use monitoring the infant. Over a
4-hour period there is an upward drift in the TcCO; but, in
general, there remains a good correlation between trans-
cutaneous and arterial CO,. The electrodes give a good
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indication of trends in the baby’s PaCO,. Repeated blood
gas estimations are still required but changes in TcCO, can
give early warning of developing problems (Figure 17.2).
Even at lower temperatures (40°C}, TcCO, probes have
been shown to give useful information on CQ, trends'®
and, used in this way, can be safely left on the skin for sev-
eral hours. Transcutaneous CO, monitoring has proven
useful in long distance transport, resulting in babies arriv-
ing in the referral unit with lower ventilator pressures
and better blood gases.*

There are no data on normal values for TcCO,. Qur
experience with these monitors has shown that each baby
has its own individual relationship between arterial and
TeCO, and these probes are more useful as a means of
following trends than as a measurement of true arterial
PCO;. In the first days after birth, hypocapnia has been
associated with a higher incidence of chronic lung
disease (low CO, being a measure of aggressive overven-
tilation},** and with an increased risk of periventricular
leukomalacia,® probably as a consequence of reduced
cerebral biood flow. In the same period, hypercapnia has
been associated with an increased risk of intraventricular
hemorrhage.® During the management of acute lung
disease, TcCO, is helpful in ensuring that carbon dioxide
levels are kept within an acceptable range. Once an infant
can compensate metabolically, many clinicians allow the
PCO, to rise in the hope that gentler ventilation will
reduce the risks of long-term lung damage.

END TIDAL €O, MONITORING

Capnography measures the concentration of CO, in
exhaled gas and has been used extensively in children and
adults under general anesthesia as well as in adult inten-
sive care. Small tidal volumes, rapid respiratory rates and
inhomogeneous alveolar ventilation—perfusion in neonates

with Iung disease had limited the value of capnography
in the newborn, particularly the preterm infant.’” The
problem of inhomogeneous lung disease, however, has
been reduced in infants with RDS by surfactant adminis-
tration and studies using newer mainstream inonitors,
with low dead space and low resistance, have shown
capnography to have soine place in the monitoring of
trends in carbon dioxide.”* It may be useful in recogniz-
ing esophageal intubation.”” In infants with respiratory
disease, TcCO, monitoring provides a more accurate
estimation of PaCQ, than capnography.*

Acid-hase balance

The pH, bicarbonate and base excess are important in the
assesstent of the respiratory status of the infant and help
to determine the need for intervention. The multipara-
meter umbilical arterial catheter (Neotrend) records pH
continuously and can also derive bicarbonate and base
excess. Newboin infants with respiratory disease often have
mixed respiratory and metabolic acidosis. What consti-
tutes an optimal pH in these infants is unknown. Many
clinicians attach different importance to metabolic and
respiratory acidosis, accepting pH values around 7.20,
rather than risking further lung injury by using aggressive
ventilation to reduce respiratory acidosis. Lactate meas-
urements can help to refine decision-making.

BLOOD PRESSURE

Blood pressure can be monitored directly with transducers
attached to arterial lines. It is important to ensure that
these are calibrated to zero, Changes in position of the

228



Continupus on-line respiratory function monitoring 229

transducer relative to the height of the heart may alter the
reading. Damping of the arterial trace affects systolic and
diastolic blood pressure. Mean pressure remains more
reliable but even this can be affected by damping of the
trace.”! Non-invasive oscillometric methods are frequently
used to measure blood pressure. These machines signifi-
cantly overestimate blood pressure at the lower end of the
range and are therefore poor at detecting and measuring
hypotension. They therefore are not likely to be reliable
in verifying low-pressure readings from arterial lines.

CENTRAL-PERIPHERAL TEMPERATURE
DIFFERENCE

Continuous measurement of a central {(abdominal) and a
peripheral {foot) temperature is useful in detecting cold
stress but also can give an early indication of poor tissue
perfusion. A widening central-peripheral temperature
gap with an increasing heart rate can indicate poor per-
fusion, due to hypovolemia or decreased venous return,
even before the blood pressure starts to fall.*® Recordings
from over 400 healthy neonates of ditferent gestational
ages demonstrated that the upper limit of normal for
capillary refill time was 3 seconds.® CRT (capillary refill
time) values of the midpoints of the sternum and the
forehiead were found to be the most consistent. Routine
nursing procedures can cause widening of the central
peripheral temperature gap.”!

CONTINUOUS TREND MONITORING

Readings from monitors and blood gas machines give
information on the condition of the baby at a single
moment. Display of the physiological parameters as con-
tinuous graphs allows developing trends to be detected and
may facilitate earlier intervention (Figure 17.2). Trend
menitoring of TcCO, may also facilitate earlier diagnosis
of pulmonary air leak.*? Although in retrospect diagnos-
tic trends appear obvious, these patterns are difficult to
recogilize in evolution, even by experienced staff.2 A ran-
domized controlled trial of computerized trend moni-
toring in neonatal intenstve care failed to show that it
improved outcome.*® Computerized pattern recognition
and decision support may need to be developed to realize
the full potential of this information.?

CONTINUOUS ON-LINE RESPIRATORY
FUNCTION MONITORING

This is a standard feature on some infant ventilators and
is obtainable as an add-on for most others. The data are

presented as numerical values, time-based waveforms of
flow, volume and airway pressures, and flow—volunie and
pressure—volume loops. To date, there is little evidence
that this Information improves clinical outcome. In a ret-
rospective study of two cohorts of infants cared for before
and after the introduction of continuous monitoring,
Rosen et al. found a reduction in the incidence of pneu-
mothorax and intraventricular hernorrhage, but no change
in survival rates, duration of ventilation or incidence of
bronchopulmonary dysplasia.”' In 2 prospective random-
ized controlled trial of respiratory system compliance
measurements, Stenson et al. showed no change in inci-
dence of death or chronic lung disease.’? On post hoc
analysis there was a 40 percent reduction in the duration
of ventilation of surviving infants in the group with reg-
ular lung function testing.®? Randomized trials in adulits,
however, have shown that the use of graphical and numer-
ical data from on-line respiratory monitors to guide
ventilator management is associated with a significant
reduction in the mortality and morbidity of ARDS.>106
Continuous on-line monitoring, therefore, is likely to
become established as part of the routine management of
ventilated infants in the coming years. Further critical
evaluation is required as not all the information used in the
adult trials can be obtained reliably in newborn infants,

Flow monitoring
Continuous monitoring requires a flow sensor to be con-
nected directly to the endotracheal tube. Attempts to meas-
ure flow elsewhere in the ventilator circuit are inaccurate
in small patients because the compliance of the circuit and
variations in set-up cannot be corrected for with confi-
dence.'® Present devices add around 1 ml to the infant’s
respiratory dead space. In the smallest infants this could
necessitate increased minute ventilation to maintain CO,
elimination,™® but this has not been fully evaluated. The
most commonly used on-line monitoring device is a hot-
wire anemometer which measures gas flow by its cooling
effect on a pair of heated wires. Alternatively, a differen-
tial pressure transducer, which ineasures the change in
pressure generated by a gas flow across a fixed resistance
mouiited within a pnemnotachograph, can be used. Ultra-
sonic flow meters, which utilize Doppler effects, are also
under evaluation.”® Flow can be integrated with time to
give volume.

Changes in gas composition affect the measurements.
Pure oxygen is 12 percent more viscous than room air, 50
reducing the inspired oxygen concentration can be asso-
ciated with an apparent increase in tidal volume, unless
the 1nonitor corrects for gas composition.” Errors may
be particularly large during partial liquid ventilation
where the exhaled gas contains perfluorocarbon vapour,
but the inspired gas does not. This can result in overesti-
mates of exhaled tidal volume of 35-41 percent when
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a hot-wire anemometer is used.”! Data from different
devices may not be comparable as some earlier devices
overestimate or underestimate flow and volume meas-
urements significantly.'* Some manufacturers give lit-
tle detail about the performance characteristics of their
device and the methods used to calculate derived data.
Devices are beconing increasingly accurate,”” but opti-
mal performance cannot be assumed.?>2¢

TIDAL VOLUME

A healthy, spontaneously breathing term infant with no
lung disease has a tidal volume of around 7-9 mi/kg body
weight.® The optimum tidal volumne in a ventilated infant
is uncertain. If there is lung disease, then the number of
fully functional airspaces is likely to be less than normal
and there may be regional inhomogeneity of pressure
volume characteristics within the lungs. ‘Normal® tidal
volumes may therefore expose parts of the lungs to excess
end inspiratory volume. Because of this, target tidal vol-
umes are generally set around the 4-6mi/kg range in
ventilated infants, although if CO; elitnination is adequate,
lower tidal volumes are entirely acceptable. In a random-
ized trial in aduits with ARDS, tidal volumes of 6 ml/kg
were associated with less morbidity than tidal volumes of
12ml/kg.'® In immature newborn animals there was a
dose-dependent relationship between tidal volume and
degree of lung injury when tidal volumes of 5mitkg,
10 ml/kg and 20 ml/kg were compared.”® In another study,
high rate, low tidal volume ventilation was associated
with less histological chronic lung disease than low rate,
high tidal volume ventilation.” Some devices display tidal
volumne breath by breath, others display a rolling average.
Spontaneous breaths are generally smaller than ventilator
breaths, so if averaging is used it will not give a true
impression of the ventilator tidal volumes if there is sig-
nificant spontanecus breathing. Displayed values are not
corrected for bodyweight.

MINUTE VENTILATION

A rolling average of expired minute ventilation can be
calculated and subdivided into the relative proportions
attributable to ventilator breaths and spontaneous breaths.
Some have suggested that it may help in assessing weaning
and readiness for extubation,” but whether this is any
more useful than looking at tidal volumes is unclear. There
is no evidence that measuring minute ventilation is any
more useful than monitoring transcutaneous PCO,.

Compliance and resistance

There are a variety of methods for deriving these data
from continuous dynamic pressure—volume traces. The
values obtained are affected by the lung volume at the
time of the measurement. They are also unreliable if
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inappropriately short inspiratory or expiratory times are
used and are made inaccurate by leaks around the endo-
tracheal tube. The variable nature of infant-ventilator
interactions (p. 159) also complicate their interpretation
in real time. As a consequence, continuous on-line mon-
itoring of compliance and resistance is unlikely to be
useful in everyday clinical practice. The C.u:C ratio is a
derived index of lung overdistention which compares the
inflation compliance during the last 20 percent of infla-
tion with that of the whole breath.*® This index is unreli-
able in newborn infants because it requires a ventilator
which generates a slow rise in inflation pressure, or a
constant flow of gas into the lungs during inflation, and
little or no air leak to compute it meaningfully.>* These
conditions are seldom met in neonatal ventilation.

Functional residual capacity

Ideally, to avoid high end inspiratory lung volumes and
low end expiratory lung volumes, both the tidal volume
and the functional residual capacity (FRC) must be known.
FRC varies considerably over the course of an illness and
can change rapidly with treatments such as surfactant*!
or high frequency oscillation. There is currently no readily
applicable method to make repeated FRC measurements
that is suitable for routine clinical use. FRC, however,
can be inferred from the inspired oxygen concentration
required to achieve adequate oxygenation and the chest
radiograph appearance, The relationship between the rad:-
ographic and the measured lung volume has been reported
to be inconsistent,”” but can be improved by using
computer-assisted analysis.”®

LEAKS

There is generally some leak around the uncuffed endo-
tracheal tubes used in newborn infants, aithough this can
be minimal if shouldered endotracheal tubes are used
(p. 154). The leak is only clinically apparent when it is
large, but it makes derived data, such as compliance and
resistance, unreiiable. Leaks also complicate the interpre-
tation of loops and waveforms. Airway pressure is higher
in inspiration; therefore, maost of the leak occurs in this
phase of ventilation. As a consequence, usually the expired
tidal volume is displayed by monitors. Leak is calculated
as inspired volume minus expired volume and expressed
as a percentage of the inspired volume,

Waveforms

Simultaneous time-based traces of flow, volume and pres-
sure are the most commonly used graphical representa-
tion of respiratory function and provide the most readily
interpretable information. The scaling of the graphs is
important. If set to autoscale, then changes in the size of
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Figure 17.3 Simultaneous time-based traces of ffow,
voiume and pressure from a ventilgted infant. With the
onset of inflation, pressure rapidly rises to a peak and is
maintained at this leve! for the duration of inspirotion. As
the pressure has risen, gas flows into the baby’s lungs untit
the pressure in the lungs has equilibrated with that in the
ventifator circuit. Inspirotory flow (shown above the line) is
seen to rise rapidly to a peak and then fall back to zero. No
further volume passes into the fungs for the remainder of
the set inspiratory time. The volume trace rises rapidly ta a
peak and then stays at a plateau, with the inspired tidal
volume held in the lungs until the onset of expiration.

the waveforms due to variation in respiratory function,
which would be obvious at a glance, may be obscured by
the system re-drawing the waveforms on a new scale.
Autoscaling should therefore only be used with caution.
The time-based waveforms are helpful for determining
whether inspiratory and expiratory times are appropri-
ate (Figures 17.3 and 17.4}. In human infants with RDS,
fast rate, short inspiratory time ventilation is associated
with fewer complications compared with slow rate, long
inspiratory time ventilation.” In surfactant-depleted ani-
mals, shortening the inspiratory time to the point that
inspiratory flow has returped to zero, thereby eliminat-
ing the inspiratory volume plateau, achieves equivalent
gas exchange at lower mean airway pressure.*® Some ven-
tilators automate this and the term used to describe the
process is termination sensitivity. In order for the automa-
tion to work in the presence of leak around the endotra-
cheal tube, termination sensitivity switches fo expiration
when inspiratory flow has fallen to a Jow level rather than
to zero (p. 167). This could result in uneven distribution of
ventilation and has not yet been proven to be beneficial.
The expiratory waveforms can be analysed in a similar
way. At the onset of expiration the pressure in the ventilator
circuit rapidly falis to the set PEEP level, Gas now flows out

Figure 17.4 Time-based waveforms from an infant with a
modest leak around the endotracheal tube. If there is on
air feak around the endotracheal tube, the volume plateau
is not horizenta! but slopes upward from left to right. The
gradient of the slope reflects the size of the feok. Under
these circumstances the flow troce does not return all the
way to zero but continues at a fow level after the initial
rapid rise and fall. In the case of a very large leak, or when
the endotracheal tube has slipped out of the trachea, the
volume trace continues to rise steeply until it goes off the
screen and the flow remains high throughout inspiration.
Under these circumstances, little or no expiratory flow s
seen at the onset of expiratian.

of the infant’s lungs until the intrapuimonary pressure has
equilibrated with the circuit pressure. The expiratory flow
{conventionally displayed below the baseline) accelerates
to a peak and then falls to zero {Figure 17.3). The volume
trace rapidly falls from the inspiratory volume peak back
to zero. If there is an air leak around the endotracheal tube,
the volume trace does not return to zero because the gas
that ieaked around the endotracheal tube in inspiration
cannot be exhaled (Figure 17.4). Monitoring devices are
usually set to re-zero the volume baseline at the onset of
the next inspiratory flow. If the next inflation begins before
the expiratory flow has returned to zero, gas is trapped in
the lungs. This means that the pressure in the lungs
remains higher than the set PEEP at all times, This phe-
nomenon is called occult PEEP or inadvertent PEEP."
It is common in ventilated infants and can result in
impaired gas exchange. In some cases it may be life-
threatening.®! Inspection of the expired flow waveform
allows the clinician to ensure that expiratory flow has
returned to zero (Figure 17.3) or not {Figure 17.5) before
the onset of the next inflation. If the endotracheal tube
is becoming obstructed with secretions, the height of
the peak flow on the inspiratory and expiratory flow
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Figure 17.5 Simultaneous waveforms from an infant with
a long expiratory phase. After T second in expiration,
expiratary flow has not reached zero before the onset

of the next inflation.

waveforms lessens, and the width of the expiratory flow
pattern broadens because the increase in airway resist-
ance makes gas movements take longer,

Excessive rain-out of humidity in the ventilator tub-
ing can partially obstruct the bias flow in the circuit as
the continuous gas flow bubbles through a column of
water. This causes small fluctuations in airway pressure
that result in small flow oscillations at the airway. These
can be sufficient to cause autocycling of the ventilator,
The fluctuations are usually visible as an oscillation of
the flow baseline at times when there would otherwise
usually be no flow. The presence of an oscillating flow
baseline should prompt an inspection of the circuit for
the site of the trapped water.

Loops

The commonest loops displaved are pressure-volume
and flow-volume. Their use is difficult because many are
distorted by infant~ventilator interactions, making them
uninterpretable. If the screen is watched in real time,
breaths that are relatively free from interaction can be
identified when the infant is settled. It is suggested that
pressure—volume loops can be inspected to determine the
critical opening pressure of the airspaces and the upper
inflection point where the slope of the pressure~volume
relationship begins to flatien because of overdistention.
This has been used in adults to facilitate less damaging
ventilation strategies.%> In order to plot the progressive
change in lung volume that occurs for a given change in
pressure, however, the pressure has to rise slowly enough
to allow changes in volume to keep pace. Pressure-limited
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Figure 17.6 Pressure—volume foop from an infant on
pressure-fimited ventilation.

neonatal ventilators typically generate relatively square
pressure waves with a very rapid rise to peak inspiratory
pressure and an equally rapid fall to the PEEP level in
expiration. This means that the changes in lung volume
during inspiration are mostly plotted against the peak
inspiratory pressure and during expiration against the end
pressure. This gives the loops a rectangular appearance that
bears little or no relationship to the underlying pressure—
volume characteristics of the lung (Figure 17.6). Unless
the ventilator generates a slow-rise pressure waveform,
pressure—volume loops should not be used. Significant
leaks around the endotracheal tube make interpretation
more difficult. Inspection of flow—volume loops can give
information about airway resistance. If resistance is
increased, flow is slower. This can readily be observed
from the time-based waveforms without the need to look
at flow—volume loops. If there is an excess of secretions in
the endotracheal tube, the expiratory limb of the loop can
show a sawtooth pattern, indicating the need for endo-
tracheal suction.*
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Physiotherapy is frequently used in neonatal units as part
of respiratory management.” Careful assessment by staff
qualified and experienced in the use of physiotherapy
techniques is essential prior to any intervention. The tech-
niques have possible detrimental effects and, as a conse-
quence, should not be used routinely. The physiotherapy
techniques used in the treatment of neonates are similar
to those used in adults, but it may not be appropriate to
extrapolate the results of studies involving adults to the
newborn. Respiratory physictherapy has rarely been inves-
tigated in the neonate. In those studies which have been
performed, a full description of the physiotherapy tech-
niques used is frequently lacking and the infants have
often been of greater gestational age and weight than the
majority of infants nursed in neonatal units today.'®

HUMIDIFICATION

Inadequate humidification of the inspired gases of an
intubated infant can cause tracheobronchial secretions to
become more viscous and reduces mucociliary clearance.™
This may lead to mucus plugging of small airways and
blockage of the endotracheal tube. Lomholt et 2l., using a
thermocouple in the inspiratory tube, found that endo-
tracheal tube blockage was ten times less likely to occur
and frequent suction unnecessary when humidity was
consistently kept above 70 percent of body humidity.*
Over-humidification, however, may result in pyrexia and
fluid overload.” Most neonatal ventilators are used in
conjunction with heated humidifiers in the ventilator
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circuit. The amount of humidity received by the infant is
dependent upon the temperature of the humidifier, the
ambient room and incubator temperature, the gas flow
rate, the level of water in the humidifier chambes, the
length of ventilator tubing and the position of the tem-
perature probe in the ventilator circuit.’® It has been
claimed that the incidence of pneumothorax and chronic
lung disease in infants weighing less than 1500g may
be reduced when a humidifier temperature greater than
36.5°C is used.”

SUCTIONING

Suctioning of intubated patients is required to maintain
a clear atrway, but it is a potentially hazardous tech-
nique.® Hypoxia, trauma, atelectasis, pneumothorax
and raised blood and intracranial pressure are all recog-
nized side-effects of suctioning.®"** Flevation of biood
and intracranial pressure may be secondary to hypoxia and
hypercapnia,®* directly related to tracheal stimulation or
the associated increase in intrathoracic pressure.?* These
effects are less common in paralyzed and sedated infants.>

Hypoxia following suctioning has been well docu-
mented®**#7? and incriminated in the causation of
cardiac arrhythmias™ and bradycardia,” although the
latter may also be due to vagal stimulation.*® The adverse
effect of suctioning on heart rate and oxygenation do not
depend on the ventilation mode.*” Cerebral hemo-
dynamics, as assessed by non-invasive near-infrared
spectroscopy, were also similarly affected by suctioning
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(as evidenced by a decrease in the cerebral concentration of
oxygenated hemoglobin and an increase in deoxygenated
hemoglebin) during high-frequency oscillation (HFO)
and conventional mechanical ventilation (CMV).*” The
etiology of the hypoxia may be multifaciorial, including
removal from the oxygen source, suction-induced atelec-
tasis and reflex bronchoconstriction.*® The length of time
the patient is disconnected from the ventilator affects the
degree of hypoxia, thus the suctioning time shouid be
kept to a minimum. The maximum suctioning time for a
term neonate should be 15 seconds and 7—10 seconds for
a preterm infant. In many neonatal nurseries, adaptors
are used which allow suctioning while the infant remains
connected to the ventilator. This modification has been
demonstrated to reduce the hypoxia associated with suc-
tioning.”® In a crossover study involving 12 premature
infants,® closed compared to open suctioning was associ-
ated with a smaller deterioration in their oxygen satur-
ation levels and a trend towards a faster recovery of heart
rate and saturation levels.

Some method of preoxygenation may be necessary
to prevent suctioning-induced hypoxia.*® In the preterm
infant, however, preoxygenation should be used cau-
tiously, as it is imperative to avoid hyperoxia and the
attendant risk of retinopathy of prematurity.”® Inspired
oxygen levels should be carefully increased prior to suc-
tioning in those infants who are already hypoxic to bring
their arterial oxygen levels to a satisfactory level. Preterm
infants who are well oxygenated should only have their
inspired oxygen concentration (Fi(Q,) increased by 10
percent, for example 30 percent to 40 percent immediately
prior to passing the suction catheter. Following suction-
ing, the Fi0; can again be increased if the infant contin-
ues to be hypoxic. Once recovery begins, the inspired
oxygen should be reduced to the pretreatment level to
avoid a swing into hyperoxia.

Tracheobronchial trauma has long been recognized as
a hazard of suctioning.*® Prolonged tracheobronchial
trauma leads to destruction and ulceration of the ciliated
epithelium. This is repaired by formation of granulation
and fibrous tissue, which may cause bronchial obstruction
leading to segmental or lobar collapse. Pneumothorax
secondary to perforation of a segmental bronchus has
been reported in several studies.”**® The infants at great-
est risk are those with severe lung disease, although poor
suction technique is also implicated. The risk of perfora-
tion and mucosal trauma can be reduced by passing
catheters to only 1cm past the end of the endotracheal
tube.** Suction catheters with graduations which corre-
spond to markings on endotracheal tubes are available.
The amount of trauma depends on the frequency of suc-
tion, the size and type of catheter used, the vigor of inser-
tion and the magnitude of applied negative pressure
employed.®* Trauma to the mucosa, however, has been
described after just one pass of the catheter™ and inser-
tion and passing of the catheter should always be gentle
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and without application of negative pressure. If a resis-
tance is met, the catheter should be withdrawn 0.5-1 ¢m
before negative pressure is applied to avoid invagination
of mucosa.

There are many different types of catheter available.
The optimum catheter should have a smooth end and be
neither too rigid nor so soft that it becomes easily mis-
shapen and difficult to pass. There should be small side
holes to act as pressure relief outlets when the end hole
becomes totally occluded.®! The combined diameter of
the side holes, however, must be less than the diameter
of the end hole or the suction pressure will be applied
through the side holes rather than the end holes and this
will reduce the effectiveness of suctioning and increase
trauma from invagination of the mucosa into the side
holes. Large catheters can increase tracheobronchial
trauma due to greater mucosal contact. A large catheter
wedged into a sinall bronchus may, in addition, cause air-
way collapse and atelectasis when suction is applied.®
Ideally, the diameter of the catheter should be less than
70 percent of the internal diameter of the narrowest part
of the endotracheal tube.”® Practically, the smallest, but
effective catheter is size 6FG.

Neonates should only be suctioned with catheters that
have control valves ot are used with a Y’ connector. Cath-
eters without these modifications have to be pinched or
bent over during insertion fo prevent application of nega-
tive pressure; this results in a build-up of negative pres-
sure, which is suddenly transmitted to the airway when
the catheter is released.® The amount of applied negative
pressure is also relevant to tracheobronchial trauma; the
higher the negative pressure the greater the tissue damage™
and atelectasis.”® The negative pressure, however, needs
to be high enough to aspirate secretions up narrow-bore
catheters. Tt has been suggested that the maximum pres-
sure that should be used is between 100 and 150 mmHg,
but in clinical practice this may need to be increased to
200 mnHg if the secretions are very viscid.®* An intermit-
tent suction technique has been advocated when using
higher negative pressures to avoid prolonged pressure
build-up but, if this is done too rapadly, it is ineffective in
removing secretions and sudden release of pressure can
cause mucosal trauma.*? A careful controlled reduction of
pressure by partially removing the thumb from the control
port is a more effective technique.®

Upper airway secretions should be cleared by nasopha-
ryngeal suction in non-ventilated infants as these may
cause apneic spells.®® Vigorous nasophatyngeal suction
immediately after delivery, however, may result in apnea
and bradycardia.!' Care must also be taken when suc-
tioning an infant who has recently been extubated as irri-
tation of the larynx may exacerbate laryngeal edema.
Suctioning reduces respiratory resistance, if there are
retained secretions.”” 1t is also necessary in intubated
infants to clear secretions and thus reduce the risk of tube
blockage and apneic spells.”® The reported hazardous
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side-effects are such (see above) that it should never be
performed on a routine basis.

LAVAGE

In many neonatal units, sucticning of the endotracheal
tube is commonly preceded by instillation of a diluent or
mucolytic. The solutions are instilled directly into the
endotracheal tube or via a suction catheter.'” The solution
is likely to reach only the trachea and major bronchi.”® In
unparalyzed infants, instillation of the diluent often
stimulates a cough which may encourage movement of
secretions up the bronchial tree, This practice is thought
to facilitate removal of secretions and therefore avoid
blockage of the endotracheal tube, but the literature sup-
porting this s relatively limited. The results of a trial, in
which 86 infants intubated and ventilated for respiratory
distress syndrome (RDS) were randornized to receive or
not to receive saline prior to suctioning, demonstrated
that routine instillation of saline was necessary only when
the endotracheal tube size was 2.5 mm or less.”® Routine
instillation of a diluent or mucolytic is less important when
infants are systemically well hydrated and there is efficient
humidification of the inspired gases.'

Normal saline (0.9 percent sodium chloride solution)
is the most commonly used dilvent, but some units use
N-acetyleysteine solution as a mucolytic. The mucolytic
effect of N-acetylcysteine is thought to be due to its action
of breakage of the disuifide links in mucus, There is,
however, no clinical evidence for its effectiveness when
used as a solution for instillation down endotracheal tubes
and important side-effects have been described. The 5
percent aerosol solution completely inactivates penicillin
and cephalosporins in vitro and the 10 percent aerosol
solution has been shown to cause bronchoconstriction
when inhaled by asthmatics.”” The intravenous solution
used to treat acetaminophen (paracetamol) overdose can
cause hypersensitivity reactions.” In view of these side-
effects, roufine use of N-acetylcysteine should be avoided.

POSITIONING

Body position affects ventilation~perfusion matching
and arterial oxygen levels. The prone position improves
arterial oxygen levels in the newborn; the supine position
is the least beneficial.'* Unlike adults, neonates and young
children preferentially ventilate the uppermost areas of
their lung.!® The head-up tilt position is associated with
an increase in the transcutaneous arterial oxygen tension
in spontaneously breathing infants.”” If, however, the
infaut is left in one position for long periods of time,
pooling of secretions and atelectasis tend to occur in
dependent lung areas. In infants, the area of lung most

238

commoniy affected by retention of secretions and lobar
collapse is the right upper lobe, particularly following
extubation.” Regular position changes ensure that the
uppermost areas of lung are periodically drained and
preferentially ventilated.

Gravity-assisted positioning (postural drainage)
mvolves placing infants in specific positions, thereby
allowing gravity to aid drainage of secretions from ditfer-
ent areas of the lung (Figure 18.1). It is often not practi-
cal to drain the apical segments of the upper lobes in
infants who are intubated. The middle and lower lung
zones are drained by placing the infant in the head-down
position. This position is often poorly tolerated by spon-
taneously breathing infants, particularly those born pre-
maturely who show a fall in transcutaneous PaQ,.”” This
effect is less marked when infants are fully mechanically
ventilated. The head-down position also impairs venous
return, which causes intracranial pressure to rise, thereby
increasing the risk of intraventricular hemorrhage. In
addition, it is ili-tolerated by infants with abdominai dis-
tention and may increase the risk of reflux.

Gravity-assisted positioning of the right lung consists
of turning the infant on to the left side and vice versa.
Specific gravity-assisted positioning may not be appropri-
ate in sick neonates, particularly the very preterm. Infants

fa)

{b)

(c)

Figure 18.1 Positioning for right upper lobe drainage:
fa) anterior segment; (b) posterior segment — shaulder
should be turned forwards into prone; {c} apical segment.
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who have unilateral lung disease may not tolerate the
affected lung being uppermost for drainage of secretions.
Treatment may need to be carried out in the prone position
and the infant nursed with the unaffected lung uppermost
in order to optimize gas exchange.'” There should be regu-
lar changes of position from prone to alternate side lying
for infants who can tolerate those positions. Care should be
taken to position infants with a view to preventing future
postural deformities.'® Conventional postural therapy is
associated with 12-24 changes per day. There is some evi-
dence to suggest that more frequent postural changes
might further improve pulmonary function.”%*

CHEST PERCUSSION

Chest percussion (clapping) is used to move secretions
from peripheral to central airways so that they can be
removed by coughing or suction. Percussion can be as
effective as bronchoscopy in clearing lobar collapse when
this is due to mucus plugging.”"*” It is, however, only
effective in patients who produce copious amounts of
sputum.* In patients with minimal amounts of sputum,
chest percussion can cause a fall in arterial oxygen ten-
sion.'? Indeed, percussion is frequently associated with
an increase in heart rate and desaturations.>*!#%#

In fuli-term infants, percussion can be carried owt
using the cupped hand. The middle three fingers in a
tenting position should be used for preterm infants.
Various padded, cup-shaped objects, for example a face
mask (Figure 18.2), have been used for percussion in
preterm infants. Contact-heel percussion using the thenar
and hypothenar eminences is used, but it is not widely
taught or used in the United Kingdom. Contact-heel
percussion combined with postural drainage, however,
may be more effective than postural drainage alone.®
Contact-heel percussion, face mask percussion and
vibrations with the electric toothbrush were compared
in 15 infants (median gestational age of 31 weeks and

Figure 18.2 Percussion using face mask.

median birthweight of 1537 g).” Arterial oxygen tension
increased following contact-heel and face mask percussion.
The greatest effect was with face mask percussion. The
electric toothbrush vibration technique did not improve
oxygenation.

VIBRATION

The vibratory technique is applied with the fingertips
during expiration and moves secretions up the bronchiaj
tree. Vibrations to the left side of the chest can provide
external cardiac massage. This technique is particularly
effective in moving secretions in neonates, because of the
compliant chest wall, but it may not be tolerated by the
very preterm infant. It is less useful in infants who are
breathing or being ventilated at very fast rates, because of
the short expiratory time. Vibrations increase intratho-
racic pressure, which reduces venous return to the heart
thereby lowering cardiac output® and raising intra-
cranial pressure.*

Precautions to be taken when performing
chest percussion or vibration

Percussion with the hand or fingertips should always be
performed over clothing or a sheet to reduce the risk of
skin damage. Face masks should have a soft plastic cuff
and other cup-shaped objects should be well padded.
Percussion and vibrations should not be applied over
surgical incisions and their use should be avoided in
infants with osteoporosis and those born very preterm
whose skin is fragile and liable to bruise easily. Percussion
and vibrations have been implicated as a cause of rib
fractures (p. 513)** and associated with the formation of
periosteal new bone formation.® Percussion is probably
better tolerated and more useful than vibrations i
preterm infants, but should only be used if the infant
has large amounts of secretions or lobar collapse due to
mucus plugging.

MANUAL HYPERINFLATION

Manual hiyperinflation, when used as a physiotherapy tech-
nique, consists of a large volume, slow inspiration followed
by rapid release of pressure to propel secretions up the
bronchial tree on expiration. It is frequently performed
in conjunction with vibration. This technique is used to
inflate areas of collapse, loosen secretions and fuily expand
areas of lung in ventilated patients who are only receiving
tidal volume breaths. 1t is, however, less useful in infants,
than in older children or aduits, as the collateral ventilation
which allows diffusion of air between bronchioles and
alveoli is not well developed in the newborn.™ Gas under
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positive pressure takes the line of least resistance, so col-
lapsed arcas of lung will tend to remain collapsed, while
being surrounded by areas of hyperinflation. Manual
hyperinflation increases the risk of barotrauma, leading
to pulmonary interstitial emphysema (PIE) or pneumo-
thorax. It also can increase intrathoracic pressure, reducing
venous return; this causes a rise in infracranial pressure and
a drop in cardiac output which may impair oxygenation.*®
Manual hyperinflation should not be used in preterm
infants and only with great caution in full-term babies. It
may result in a more rapid return in oxygenation to pre-
physiotherapy levels.?® If hyperinflation is used, the peak
inspiratory pressures {PIPs) should be limited to no more
than 20 percent above the PIP of the preceding mechan-
ical ventilation. Pressure should be monitored through-
out by a manometer in the bagging circuit.* Detrimental
effects can be reduced by giving one large hyperinflation
interspersed with three to four tidal volume breaths.**

ROUTINE VERSUS INDIVIDUALIZED
PHYSIOTHERAPY

Comparison of 2-hourly chest physiotherapy and suction
with suction alone for the clearance of secretions in infants
in whorm the clinician deemed there was a ‘secretion prob-
lemn requiring physiotherapy” highlighted that signifcantly
more secretions were agpirated when physiotherapy was
performed prior to suction.” The study, however, included
only six infants. A subsequent study suggested routine
physiotherapy was not well tolerated by certain individu-
als, Fifteen infants with a median birthweight of 1831 gand
gestational age 32 weeks tolerated physiotherapy better at
5 than at 3 days of age.”” Post-physiotherapy oxygenation
improved progressively from day 3 to day 5. A third study,
which included children who had undergone cardiac
surgery,” indicated that routine chest physiotherapy was
associated with more atelectasis on chest radiograph than
breathing exercises, coughing or suction alone.

COMPLICATIONS OF PHYSIOTHERAPY

Chest physiotherapy has been associated with a number of
important complications. These include intraventricular
hemorrhage,® multiple rib fractures, and a generalized
periosteal reaction.®® Physiotherapy may also increase the
risk of encephaloclastic porencephaly. In a New Zealand
nursery, physiotherapy using a soft latex face mask was
suspected to have caused the death of five babies and
brain damage in another eight infants.” Subsequently, a
retrospective study was undertaken of 454 VLBW infants;
13 were identified who had developed encephaloclastic
porencephaly. Comparison with 26 infants matched for
birthweight and gestational age demonstrated that the

infants with porencephaly had received two to three
times more (median 79 versus 19) treatments of chest
physiotherapy in the second, third and fourth weeks than
the controls. The infants with porencephaly were also
more likely to have had a breech presentation and suffer
hypotension. Once chest physiotherapy was no longer
routinely given to VLBW infants during the first month
after birth, no further cases of encephaloclastic poren-
cephaly were identified, although the incidence of hypo-
tension and breech presentation had not changed.® It
was suggested that head movements during physiotherapy
might be responsible for the lesions.” The pathological
findings were consistent with those seen in older infants
with shaking injuries. In addition, once the infant’s head
was held steady during chest physiotherapy, fewer cases
of porencephaly were experienced.” Others have reported
they could find no evidence that chest physiotherapy was
associated with abnormal neurological outcome in
extremely preterm infants.® In that unit, however, only 45
percent of the infants received physiotherapy and the
chest physiotherapy was provided by trained physiother-
apists. In addition, chest physiotherapy was reserved for
infants with secretions causing obstruction to the airway or
for babies with evidence of collapse and/or consolidation.

Thus, individualized care is most appropriate and only
after careful and thorough assessinent. Physiotherapy
should never be undertaken routinely, but only when there
are clear indications and the infant is in a it state to toler-
ate physiotherapy.? Suction should only be performed if
secretions are present and other physiotherapy techniques
added only if suction is ineffective or there is lobar collapse.

CLINICAL INDICATIONS FOR
PHYSIOTHERAPY

Lobar or lung collapse

Lobar or lung collapse, caused by mucus plugging, is a
strong indication for physiotherapy (Figure 18.3).
Positioning and percussion are the techniques of choice
providing they are tolerated by the infant. Lobar collapse
due to other etiologies, for examiple severe PIE in adja-
cent Jung tissue or bronchomalacia, will not respond to
physiotherapy.

Meconium aspiration

If initial attempts to remove meconium at delivery have
been unsuccessful, then physiotherapy is essential,'>¥
Positioning and vigorous percussion should be given as
soon as possible, preferably within 1 hour of aspiration,®®
Physiotherapy is usually well tolerated in these infants
who are mature. Arterial oxygenation frequently improves
during treatment as plugs of meconium are removed.

240



Clinical indications for physiotherapy 241

Figure 18.3 Mucus plugging of right main bronchus
resufting in collapse of the right lung; this was cleared by
appropriate positioning and physiotherapy.

If early treatment is not given, plugs of meconium cause
partial obstruction of the small airways, leading to air
trapping, increasing the risk of air leak. Later, a chemical
pneumonitis develops which, being an inflainmatory
reaction, is unresponsive to physiotherapy. At that time,
infants are often acutely unwell and tolerate handling
badly; physiotherapy is therefore then not indicated and
stuiction should only be given as required. Resolution of
the pneumonitis may result in an increase of secretions,
at which stage percussion and vibrations help removal of
secretions if suction alone is unsuccessful.

Aspiration of feed/vomit

Infants who have aspirated feed or vomit should be suc-
tioned immediately to clear the airway. If it is thought
that aspiration into the small airways has occurred, then
appropriate positioning and percussion should be com-
menced as soon as possible. Following aspiration, chem-
ical pneurnonitis will oceur unless the aspirate is removed
swiftly, Further physiotherapy treatment is as for meco-
nium aspiration.

Physiotherapy may be unsatisfactory in patients with
recurrent aspiration due to gastroesophageal reflux. Tech-
niques of positioning, percussion and vibrations used to
clear secretions may exacerbate existing gastroesophageal
reflux. To avoid this, treatinent should not be given in the
horizontal or head-down positions and nasal, rather than
oropharyngeal, suction should be used.'” Physiotherapy
should always be prior to feeds and never immediately
afterwards. At least 1 hour should elapse after the end of
a feed prior to any treatment. In some cases, the benefit

of physiotherapy is outweighed by increased reflux and
aspiration.

Pneumonia

Physiotherapy is frequently requested for the infant with
pneumonia. I, however, the pneumonia is in the inflam-
matory, consolidated phase, it is non-productive and
physiotherapy is of no benefit.””” As consolidation
resolves, the infant may have secretions and appropriate
positioning and percussien may be helpful if tolerated.

Postoperatively

Reduction of functional residual capacity, decreased
mucociliary clearance due to immobility and the effects
of anesthesia predispose the postoperative infant to
atelectasis and retention of secretions.** Regnlar position
changes are iimportant, although this may not be possible
in those patients who are cardiovascularly unstable or in
infants with omphalocele where primary repair of the
defect has not been possible. If secretion retention has
been identified as a problem, then percussion may assist
in removal if suction alone is ineffective. Specific posi-
tioning will be required if there is lobar collapse.

Meconium leus

A large proportion of mfants with meconiwm ileus suffer
from cystic fibrosis.'® If surgical intervention is neces-
sary, the infant will require intensive physiotherapy post-
operatively as copious amounts of viscid secretions are
often present. Treatment will need to be given to all areas of
lung so positioning, percussion and suction are required.,
Following resolution of the postoperative problems, pos-
itioning and percussion should continue unless the infant
does not have cystic fibrosis.*® If the diagnosis of cystic
fibrosis is confirmed, then physiotherapy should be con-
tinued at least once a day, even if the chest is clear. Infants
who continue to produce excess secretions should have
physiotherapy two to three tiines daily. Parents and other
relatives should be taught appropriate techniques, prefer-
ably by a physiotherapist experienced in the management
of cystic fibrosts patients.

Chronic lung disease

Infants with chronic lung disease may have persistent
prablems with increased secretions and so positioning
with percussion may be helpful in assisting removal.
Wheeze and airway collapse, however, are also frequent
problenis in chronic lung disease and these are aggravated
by physiotherapy techniques which increase intrathoracic
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pressure. Thus, careful assessment of the effects of physio-
therapy in an individual patient is necessary to indicate if
and when physiotherapy is beneficial.

Peri-extubation

It has been suggested that post-extubation physictherapy
prevented atelectasis.’®®! The results of more recent stud-
ies, however, have questioned whether peri-extubation
physiotherapy has a useful role. No benefit was demon-
strated in a randomized trial.? Meta-analysis® of three
randomized trials>?*2%3! confirmed that active chest
physiotherapy was not associated with a reduction in
post-extubation lobar collapse (relative risk 0.69, 95
percent CI 0.33-1.45), but a reduction in the need for
reintubation (relative risk 0.24, 95 percent CI 0.08-0.78).
Insufficient data were available to assess other short- and
long-term outcomes, including adverse effects. Following
extubation, infants are often at their most fragile and,
particularly those born prematurely, are unlikely to toler-
ate frequent handling. Individual assessment is necessary
to determine whether physiotherapy should be instigated
rather than relying on rigid regimes.

CONTRAINDICATIONS TO PHYSIOTHERAPY

Respiratory distress syndrome
There is no place for physiotherapy in early, uncompli-
cated RDS as the main problem is lack of surfactant, with
secretions being scant. Infrequent suctioning, that is
12-hourly, is sufficient to maintain a clear airway in early
RDS.# Routine chest physiotherapy in the first 24 hours
after birth has been associated with an increased inci-
dence of grade III to IV intraventricular hemorrhage,
when compared to suction alone.*

Pulmonary hemorrhage {Chapter 25)

Percussion and vibration are likely to prevent clotting
and exacerbate bleeding, so are contraindicated in acute
pulmonary hemorrhage. Instead, careful position clianges
and gentle suctioning te maintain a clear airway should be
given, but as infrequently as possible, When fresh blood
is no longer being aspirated and the secretions produced
are brown and tenacious, then percussion and vibrations
may be helpful to assist clearance. If, howeves, fresh blood
is again aspirated, treatment should be discontinued.

Tracheo- and bronchomalacia

The foppy airways of infants with fracheo- and bron-
chomalacia will easily collapse if intrathoracic pressure

increases, for example, during percussion and vibration or
if a high negative pressure is used on suctioning. Carefol
positioning in affected infants may aid drainage if secre-
tions retention is a problem.
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Respiratory distress syndrome (RDS) is an acute illness,
usually of preterm infants, developing within 4-6 hours
of birth, characterized by a rapid respiratory rate (=60
breaths/min), respiratory distress {intercostal, subcostal
and sternal retraction or indrawing), expiratory grunting
and cyanosis. In very prematurely born infants {less than
26 weeks of gestation} it may present as apnea at birth, in
which case the characteristic clinical features described
above will be absent. On the chest radiograph, there is a
typical appearance of reticulogranular mottling with air
bronchograms, but in severe cases the lungs may be com-
pletely white due to fluid retention in the airspaces and
widespread atelectasis (the so-called ‘white-out’ picture).
The basic etiology of RDS is surfactant deficiency.

INCIDENCE

Approximately 2-3 percent of infants develop respiratory
distress soon after birth: 2.9 percent in Sweden,'® 2.1 per-
cent in Nottingham, UK,** and 2.8 percent in Italy.!”®
Most of these infants have transient respiratory distress
not fulfilling the criteria for RDS outlined above. In the
Swedish study, only 0.33 percent had RDS, although this
figure was probably an underestimate. In the UK series
from Nottingharm, 1.12 percent had RDS and from lialy
the rate was 1.24 percent. Using a risk of 1 percent, approx-
imately 7000 babies in the UK and 20000 in the USA
should develop RDS every year. Recent trends have shown
a decrease in 1nortality from RDS with surfactant replace-
ment therapy having a major effect.'”
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The risk of RDS is inversely proportional to gestational
age (Figure 19.1). The proportion of preterm births in a
given population will determine the incidence of RDS.
The introduction of treatments such as prenatal cortico-
steroids and prophylactic surfactant has reduced the rates

& —— -k Data of Dunn 1965
H— Oxford 197374
o——e {ambridge 1980-83
o——-0 Cambridge 1987-89
#— Robertson et af. 1992
O Rubaitelli 1998

Percentage of liveborn infants with RDS

Gestation (weeks)

Figure 19.1 Incidence of RDS at different gestations.
fAdapted from Greenough, A., Morley, C.[., Roberton, NR.C.
(1992) Acute respiratory disease inthe newborn. in Roberton,
N.R.C. (ed.), Textbook of Neanatalogy, 2nd edn. Edinburgh:
Churchifl Livingstone, 385-504.)
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of RDS at each gestational age. Data from a study from
Italy suggest a risk of RDS of about 50 percent up to
30 weeks of gestation, decreasing to 37 percent from 31 to
32 weeks, 12 percent from 33 to 34 weeks and 2 percent
from 35 to 36 weeks.!”® Other factors predisposing to or
protecting against RDS are discussed later (p. 249).

PATHOLOGY

On macroscopic examination, the lungs appear deflated,
have the consistency of liver and do not float in water.
Microscopically there are characteristic hyaline inem-
branes, which gave rise to the earlier name of hyaline
membrane disease (HMD). The presence of hyaline mem-
branes, however, is not unique to RDS and they merely
indicate damage to epithelial-endothelial integrity which
may be found in cases of acute lung injury from any cause
such as congenital infection.

Within 2 hours of birth, necrosis of bronchiolar epi-
thelium is seen.®>2% Prior to this there is edema of both
the inferstitial tissues and the basement membranes.
Epithelial cells and capillary endothelial cells show fine
vacuoles, indicating injury to both cell types. Capillaries
become congested and lymphatics are dilated because of
the delayed clearance of fetal lung liquid. After 2 hours, the
pink amorphous material overlying the denuded por-
tions of epithelium takes on a basophilic, amphophilic or
eosinophilic appearance. By 10 hours hyaline membranes
are usually weil developed and they line the overdistended
terminal and respiratory bronchioles.'®® The alveolar
ducts appear overdistended with air and adjacent saccules
are collapsed in most postmortein studies. The most dis-
tal comnponent of the respiratory unit, the terminal sacs,
although ccliapsed, are not lined by hyaline membranes,
Their pink color in hematoxylin and eosin stains indi-
cates the presence of a protein-rich substance which also
contains fibrin and nuclear debris. In infants with severe
hyperbilirubinemia, the membranes may become yellow,
reflecting the presence of unconjugated bilirubin.??

In RIS, surfactant deficiency causes collapse of termi-
nal air sacs at end expiration. Attemnpis to expand these
sacs, either by spontaneous efforis to breathe or by positive
pressure ventilation, will generate uneven transpulmonary
pressure.'” The shear forces so generated will damage the
lining epithelium, giving rise to bronchiclar necrotic
lesions,'™ which may be markers of subsequent chronic
lung disease or bronchopulmonary dysplasia, Ischemia
and increased pulmonary intravascular coagulation may
contribute to this lung injury.'®

After 24 hours, the repair phase begins and a few
inflammatory cells appear within the airway lumen.
Macrophages are usually the most prominent cell type,
although some polyinorphs may also be present.'*? After
5-7 days, the membranes start to disappear and the
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remnants are phagocytosed by macrophages. Macro-
phages are also present beneath the membrane within the
interstitium. Regeneration of epithelia is detectable after
48 hours, usually beneath the separating membranes.
Cuboidial cells from the unaffected transitional ducts
become large and mitotic before flattening out to spread
beneath the hyaline membranes. In the course of resolu-
tion, dilated airspaces alternate with lobular areas or
atelectasis.®® Interstitial edema is mobilized and a diure-
sis occurs after 72-96 hours. Congested capillaries in the
acinus sometimes disrupt to give frank intrasaccular or
intraductal hemorrhage, which may become confluent and
extensive.'s

By 7 days of age in uncomplicated RDS, the hyaline
membranes will have disappeared. In babies treated with
positive pressure ventilation, however, the healing process
may be markedly altered and delayed. There is a hyper-
plastic healing process with inassive shedding of bron-
chiclar epithelial cells and type II pneumocytes. Hyaline
membranes may remain prominent and the terminal air-
ways may be plugged with secretions. There is progres-
sive scarring and fibrosis of the alveoli and airways,
leading to the picture of CLD (p. 402).

Treatment with surfactant may also modify the patho-
logic features of RIS, Globular deposits of hyaline
material in parenchymal airspaces, absence of hyaline
membranes, and increased interstitial cellularity and
edema without associated fibrosis have been described.'®
Reduction of epithelial necrosis and interstitial emphysema
in the lungs of infants treated with surfactant was also
reported. In another study, there was an increased inci-
dence of intra-alveolar hemorrhage with an associated
decreased incidence of pulmonary interstitial hemorrhage
in surfactant-treated lungs.'>® Our own experience is that
whilst surfactant treatment has reduced neonatal mortality,
it has not significantly altered the histologic findings in
the lungs of those infants who die.?"”

PATHOPHYSIOLOGY

Deficiency of surfactant leads to alveolar collapse,
especially at end expiration, reduced inng volume and
decreased lung compliance. Pressure—voluine loops of
lungs excised at postmortem examination froin infants
who have died with RDS have a characteristic pattern.
During inflation, the volume change for a given increase
in pressure is very small and the hysteresis loop is flatter
than seen in the healthy newborn. Furthermore, as the
pressure drops to zero, very little or no air is retained within
the surfactant-less alveoli, corresponding to the very low
FRC measured irn vive {see below). Infants with severe RDS
will typically have a compliance of 0.3 mL/emH,Orkg,*
which leads to an increased work of breathing.*® The
work of breathing in RDS is approximately twice that seen
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in healthy newborns.'® Inspiratory resistance is usually  exogenous surfactant administraton began,® Successful
normal in RDS, but expiratory resistance may be increased  exogenous surfactant administration was not reported
due to closure of the airways associated with the expira-  until 1980.%
tory grunt. The endotracheal tube aiso affects the resis-
tance. Functional residual capacity (p. 121) inay be as low
as 3-5 mL/kg.** Once recovery from the disease takes place, ~ Factors predisposing to RDS {Tahle 19.1)
then FRCS Of 25-—30 mL;kg are reported‘m There IS alSO b et (bt 8 et At 0 B eeem e S A P 1 SRR i b e 1ok e s o e R L e b F eois £ o8 S ceni
right-to-left shunting of blood, both intrapulmonary ~ PREMATURITY
through collapsed lung and extrapulmonary across the
ductus arteriosus and foramen ovale, if pulmonary vas-
cular resistance remains high.3**® Persistent hypoxemia
[Pa0, less than 4kPa (30 mmHg)] leads to metabolic
acidosis, reduced cardiac output, hypotension and periph-
eral edema due to poor renal function. Hypercapnia occurs
as a result of hypoventilation, decreased tidal volume and
increased dead space. The blood gas and pH findings in
severe RDS thus reflect a mixed metabolic and respira-
tory acidosis. Acidosis will further reduce surfactant pro-
duction and may also increase pulmonary vascular ~ CESAREAN SECTION
resistance. _

The normal surfactant pool size at birth is about
100 mg phospholipid/kg.'"? In preterm babies the pool
size is greatly reduced (less than 25 mg/kg and, if severe

Premature birth is the greatest risk factor for the develop-
ment of RDS. About half of all infants born prior to
30 weeks of gestation will develop RDS (Figure 19.1).
Boys are also more likely to develop RDS than girls {male
to female ratio about 1.7:1) and are more likely to die from
the disease.*® The delay in producing matusre surfactant
found in male fetuses may be due to an androgen effect
on type Il pneumocytes.?'®

Cesarean section increases the risk of neonatal respira-
tory distress twofold for elective procedures and tenfold
for emergency procedures.'”® The comnbination of elective

cesarean section and delivery before term increases the
: 93 a3 o .
RDS is present, less than 5 mg/kg).™ Some infantsappear ;¢ respiratory distress in a progressive manner. At

to have sufficient surfactant at birth to sustain normal 37 weekTof gestation, 7.4 percent of infants develop respi-

ks 172 . i - . :
resplrzgl(.)fn, _‘fb—"-l-t after a few hours t}l:e surfaf:tant 15 l_ls%t’:ry distress after an elective cesarean section compared
up and It surfactant repiacement therapy 1s not_given to 4.2 percent at 38.weeks, and 1.8 percent at 38 weeks.!*®

tSherfe 8 contlnuid dtft?nore_"thn dii; rfspﬁratorg’hﬁ;]l.lgpon. Not all of these infants have RDS; soine have transient
urtactant may also be mactivated by leakage ot inbibitory tachypnea of the newborn but a few develop severe

106,175 : .
/> and this can be a feature : :
) : respiratory failure and need extracorporeal membrane

proteins from the plasma;
of infants born to mothers with severe pregnancy-induced oxygenation."!? Indeed, the need for mechanical ventila-
tion after elective delivery at 3738 weeks of gestation is

hypertension (pre-eclampsia). Endogenous surfactant pro-
120 times greater than after delivery at 39-41 weeks,'*

duction begins from 2-3 days of age''"® and heralds clini-
and some infants die despite having intensive care.*® The

cal recovery from the illness. Treatment with exogenous
surfactant does not delay recovery of endogenous surfac- o . : s

e Y Y g N reasons for this increased risk of respiratory morbidity near
term following cesarean section are probably a combina-

tant production and it might even enhance it.*® Studies
with stable isotopes have confirmed these findings and tion of delayed removal of lung fluid??® and exaggerated
pulmonary hypertension.'™ In very preterm infants the

they show promise in further elucidating the interaction
between endogenous and exogenous surfactant in preterm

i fants 219 effect of cesarean section on the risk of RIS is less clear.
infants.

Table 19.1 Factors predisposing to RDS
ETIOLOGY Maternal factors

Diabetes

Hyperfension
When hyaline membranes were first described in RDS ~ Multiple pregnancy
they were thought to have resulted from the aspiration of Malnutrition
vernix in the amniotic fluid. %! Later, in the 1950s, it Familial disposition
was known that prematurity, delivery by cesarean section Perinatal factors
and birth asphyxia were major predisposing factors. In ~ Premature delivery
1959, Avery and Mead first demonstrated that extracts ~ (esarean section
from the lungs of infants dying from HMD were missing ~ Male gender
a surface tension lowering agent.” They were the first to Birth depression .
demonstrate that surfactant deficiency was the underlying lelonti g:rg?ard clamping
cause of RDS. In the 1960s, the biochemical composition H:ﬁwolytic disease of the newbormn
of surfactant was determined and the first trials of
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The risks are reduced if cesarean section is carried out
after the onset of labor compared to elective delivery.?

ASPHYXIA

Asphyxia also increases the risk of developing RDS.?!*

During asphyxia, lung perfusion falls to very low levels,
causing ischemic damage to pulmonary capillaries. On
recovery there is overperfusion of the lungs, which may
allow protein-rich fluid to leak from damaged capil-
laries'!? into the alveoli where surfactant will be inacti-
vated. Asphyxia is also associated with hypoxemia and
acidemnia, which will reduce surfactant production'*' and
in addition cause pulinonary hypertension. Respiratory
distress following asphyxia may therefore be more like
acute respiratory distress syndrome (ARDS) (p. 396),
where there is surfactant inactivation, than RDS where
there is a primary surfactant deficiency.

MATERNAL DIABETES

Infants of diabetic mothers (IDM) are also more likely to
develop RDS than other infants at equivalent gestational
ages.'™ These babies have an abnormal pattern of surfac-
tant synthesis with delayed appearance of phosphatidyl-
glycerol, although this is not a consistent finding.*?
Insulin has been shown to delay the maturation of type I
pneumocytes and decrease the proportion of saturated
phosphatidylcholine in surfactant.”® Delivery at term
rather than at 36-37 weeks has reduced the risks of severe
RDS in IDM. Strict management of diabetic pregnancy in
a regional center has probably contributed to successful
outcomes with reduced risk of RDS.**

MATERNAL HYPERTENSION

Maternal hypertension increases the risk of RDS,'? prob-
ably as a result of preterm delivery by elective cesarean
section before the onset of labor.*?! Some of these babies
may have ARDS rather than typical RDS.

FAMILIAL DISPOSITION

Cases of familial RDS in term habies have been reported
and it is now believed that some of these are due to con-
genital deficiency of SP-B.*° In cases where SP-B is totally
absent, death is inevitable despite intensive care and sur-
factant treatment unless lung transplantation can be per-
formed.? Gene therapy may prove to be successful in the
future. Partial deficiency of SP-B has also been reported®®
and this may be compatible with survival. For preterm
infants the risk of recurrent RDS is quite high,'>! suggest-
ing an important genetic effect. Certain SP-A and SP-B
alleles appear to associated with increased or decreased
risk for RDS.*® There is an interaction between genetic
factors, prematurity, gender, response to antenatal steroids
and ethnic background which determines the presence
and severity of RDS in any given individual.
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MULTIPLE PREGNANCY

In twin pregnancies, the second twin is usually at greater
risk of developing RDS.”” The excess risk of RDS in the
second twin increases with gestation and is significant
above 29 weeks of gestation.”™ It is not clear whether this
increased tisk is due to delayed maturation of the lungs®!
or an increased risk of asphyxia® in the second twin.

HYPOTHERMIA

Hypothermia worsens the outlook for preterm babies™
and this mnay be for a number of reasons. Coagulation
disturbances and defective surfactant function,® which
is worsened by hypoxemia and acidemia,'?! are clearly
detrimental to the preterm infant. Conversely, in the term
infant who has suffered from asphyxia, hypothermia may
be beneficial as a means of neuroprotection.? In the
preterm infant both hypothermia and hyperthermia
should be avoided.

NUTRITION

Nutrition is important to ensure normal surfactant syn-
thesis. In aniinal studies, maternal malnutrition affects
surfactant synthesis and lung growth.'”” Anecdotally,
women with anorexia nervosa who manage to conceive,
have a high risk of giving birth to infants who develop
RDS. Deficiency of inositol might be important in these
cases and supplementation of preterm infants has been
shown to promote maturation of surfactant phospho-
lipids.** A systeinatic review has shown that inositol sup-
pleinentation reduces the risk of death or CLD, and severe
retinopathy of prematurity {ROP) in treated infants.!®

HEMOLYTIC DISEASE OF THE NEWBORN (HDN)

HDN has been associated with delayed fetal lung
maturation,™ but this is not universally accepted.’®® A
possible mechanism is via elevation of ipsulin levels, due
to B-islet cell hypertrophy as occurs in IDM. In the
presence of severe erythroblastosis with anemia, heart
fatlure and hydrops fetalis, surfactant inactivation can
occur and pulmonary hypoplasia is also a possible com-

plication increasing the risk of respiratory problems after
birth.'¢?

CORD CLAMPING

The timing of cord clamping is a controversial issue. In
term infants, very delayed cord clamping at 3-5 minutes
has been associated with increased respiratory morbid-
ity.™ In preterm infants, however, delayed cord clamp-
ing may improve lung function and reduce the incidence
of RDS and the need for surfactant therapy.'?' This obser-
vation needs to be confirmed in a larger randomized con-
trolled trial.
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Table 19.2 Factors protecting against RDS

Antenatal corticosteroid treatment
Intrauterine growth restriction
Prolonged rupture of the membranes
Maternal drugs and smoking

Female gender

Non-Caucasian ethnic group

Factors protecting against RDS (Table 19.2)

INTRAUTERINE STRESS

It has been suggested that a stressful intrauterine environ-
ment might increase the production of glucocorticoids
and catecholamines in fetal plasma, leading to earlier
maturation of the fetal lungs and a reduced risk of
RDS.23 Clinical studies, however, have shown conflicting
results; Procianoy et al.'®” found that small for gestational
age (SGA} infants had a lower incidence of RDS and
periventricular hemorrhage than gestation-matched con-
trols but Thompson et al.>!” found the opposite. Tubman
et al.**! found that infants born after pregnancies com-
plicated by pre-eclampsia had a higher risk of RDS. The
crucial effect of gestational age and the presence of pre-
eclampsia was confirmed in a study from Sweden.'® These
authors found that at a gestational age of 25-28 weeks, SGA
infants had double the risk of RDS comipared to appropriate
for gestational age (AGA) infants. At a gestational age of
26-32 weeks, however, SGA infants had half the risk of
RDS of the AGA infants. After adjustment for confounding
variables, infants born at a gestational age of 25-28 weeks
from mothers with pre-eclamipsia appeared to be a high-
risk group for RDS, whereas at 29-32 weeks of gestation
being SGA protected against RDS, Furthermore, antenatal
corticosteroid treatment appeared to have less beneficial
effects on mortality, RDS and cerebral hemorthage in
infants born SGA compared to those who were AGA.'#

PROLONGED RUPTURE OF THE
MEMBRANES (PROM)

PROM was first suggested to reduce the incidence of RDS
in 1973.2% A large review, however, did not confirm the
benefits of PROM.'*® One of the difficulties might be
that PROM over a short period of time might help
mature the fetal lungs as a result of ‘stress hormones’ but
in the longer term the risk of congenital pneumonia is
increased and this may be difficult to distinguish from
RDS. More recent studies suggest that there is a positive
benefit from PROM?"??! and this may in part be mediated
through increased use of antenatal steroids.?!®

MATERNAL DRUGS AND SMOKING

Maternal narcotic addiction, cocaine use,™* smoking™

and alcohol intake'® al] reduce the incidence of RDS

in preterm babies. The mechanism is probably due to
stimulation of surfactant synthesis, but the other more
serious adverse effects of these drugs prohibits their use
in pregnancy.

GENDER

Girls have less RDS at each gestational age compared with
boys. Male fetuses have a delayed appearance of a mature
lecithin:sphingomyelin (L:S) ratio and phosphatidyl-
giycerol. This is probably due to androgen-induced delayed
maturation of surfactant synthesis found in males.?®

ETHNICITY

There are ethnic differences in the incidence of RDS.'
Black infants have a lower incidence of RDS than white
infants, probably due to enhanced lung maturation. The
cffect, however, may be restricted to infants with gesta-
tional ages above 32 weeks.'"™ In a series of preterm
infants of 23-32 weeks of gestation, those of African origin
had a risk of RDS of 40 percent, Caucasians 75 percent and
those of Caribbean origin 54 percent.!!” Infants from the
Indian subcontinent also appear to have a reduced risk of
RDS compared to white infants.

ANTENATAL CORTICOSTEROIDS

Antenatal corticosteroid treatment reduces the risk of
RDS.'?* Meta-analysis of all randomized controlled trials
suggests an approximate halving of the risk of RDS and a
40 percent reduction of neonatal mortality {p. 256).%*

CLINICAL SIGNS

The clagsical diagnostic criteria for RDS were developed
by Rudolph and Smith in 1960:'%¢

+ Tachypnea: respiratory rate above 60/min

* Grunting expiration

¢ Indrawing of sternum, intercostal spaces and lower
ribs during inspiration

= Cyanosis without oxygen supplementation.

It has been stated that these signs must develop before
the infant is 4 hours old and must persist beyond 24 hours
of age. These classical signs of RDS, however, are out-
dated because very immature infants may present with
apnea at birth and intubation at birth for assisted venti-
lation and surfactant treatment modifies the course of
RDS. Walther and Taeusch have updated the clinical and
radiological criteria for the diagnosis of RDS:*%*

* Evidence of prematurity
* Lung immaturity
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« Abnormal signs, such as intercostal and sternal
retraction, nasal flaring, tachypnea, expiratory grunt
and cyanosis evident within hours of birth

s Evidence of reduced lung compliance, reduced
functional residual capacity (FRC) and increased
work of breathing

+ Evidence of ahnormal gas exchange (hypoxemia,
hypercapnia, cyanosis) of sufficient severity to
require oxygen and/or continuous or intermittent
positive pressure ventilatory support for more than
24 hours

* An abnormal chest radiograph with diffuse,
parenchymal reticulogranular densities and air
bronchograms (atelectasis) and underinflation during
a good inspiratory effort at 6—24 hours of age.

Natural history

The widespread introduction of surfactant therapy has
meant that the natural history of RDS is unfamiliar to
most residents in neonatal units. By definition, the disease
presents within the first 4 hours after birth. Over the next
24-36 hours in untreated cases the lungs become progres-
sively stiffer as protein leaks into the alveoli and inactivates
any surfactant that is present. The infant has increased
work of breathing and eventually tires with the develop-
ment of worsening dyspnea and edema. Some infants
progressively continue 1o deteriorate and without assisted
ventilation would die of intractable respiratory failure. In
most infants, however, the disease begins to abate after
48-72 hours when surfactant is again synthesized by the
recovering type LI pneumocytes. A spontaneous diuresis
occurs around the time of improvement in lung function,
but the precise temporal relationship remains contro-
versial.''® With continued recovery the infant is usually
asymptomatic and in room air by 7-10 days of age.

Respiratory signs

The normal respiratory rate of a newborn is 40/min and
tachypnea is usually defined as a rate in excess of 60/min.
Reduced lung compliance and low lung velumes lead to
the increased respiratory rate. Tachypnea is a good prog-
nostic sign compared to apnea,’®’ which may be a sign of
respiratory decompensation.*? Other features of dyspnea
are intercostal and sternal recession and flaring of the alae
nasi. The respiratory effort is primarily diaphragmatic
and the compliant rib cage allows marked retractions to
occur. The magnitude of retractions has been used to score
the severity of the disease.'#

Grunting is very common in infants with RDS. It is
produced by expiration through a partially closed glottis.
The infant attempts to sustain functional residual capac-
ity (FRC) by delaying the escape of air from the lungs
during expiration.*” Harrison et al¥ demonstrated the

physiologic basis of grunting and showed that when it
was eliminated by endotracheal intubation artertal oxygen
tension decreased.

Cyanosis is common if oxygen supplementation is
not provided. Clinical cyanosis hecomes apparent when
arterial oxygen tension falls below 40 mmHg (5.3 kPa).

Cardiorespiratory findings
Heart rate in mild to moderate RDS is usually in the
normal range of 140-160/min with normal variability.
In severe RDS, however, there may be tachycardia (heart
rate greater than 160/min) and reduced variability.!!!
Neonates with RDS are often hypotensive.!**!3! Soine of
these infants have a low blood volume and hypovolemia
is associated with hypotension, low central venous pressure
and a low hematocrit, Affected infants need volume expan-
sion and correction of associated acidosis but rapid
correction with sodium bicarbonate is associated with
an increase in intracranial hemorrhage.'32% Early hypo-
tension is a risk factor for periventricular leukomalacia
(PVL),*""* 50 it should be corrected but not too rapidly.
Heart failure is not a feature of RDS and if there are
suggestive signs, an alternative or additional diagnosis must
be sought. After a few days, a persistent ductus arteriosus
(PDA) may become apparent and lead to worsening of
the cardiopulinonary condition. Following surfactant
treatment, the signs of a PDA may appear earlier, some-
times within 12 honrs of birth. The unimasking of a PDA
following surfactant treatment has been associated with
the development of pulinonary hemoithage.'® In these
circumstances there may be hypotension with a low dias-
tolic blood pressure before the appearance of the charac-
teristic continuous murmur and bounding pulses. Early
use of intravencus indomiethacin or ibuprofen has been
advocated to prevent PDA' and also to reduce the risk of
intraventricular hemorrhage (IVH).%

Central nervous system findings

The pretermi baby with severe RDS is prone to develop
IVH and/or PVL as a result of loss of cerebral autoregu-
lation. Antoregulation js a mechanism whereby a constant
cerebral bloed flow is maintained over a wide range of
perfusion pressures and also in response to various bio-
chemical stimuli, Cerebral autoregulation varies with
gestational age and is frequently abolished in the presence
of hypoxia, acidosis and hypercapnia.'*' In hypoxic pre-
terin neonates who have no cerebral autoregulation, a
sudden increase in blood pressure can increase cerebral
perfusion pressure and lead te disruption of capillaries
in the germinal matrix, causing IVH. When this occurs
there may be neurological signs such as apnea, cycling or
seizures or catastrophic deterioration with reduced levels
of consciousness and overt convulsions.
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Renal functional changes
Hypoxia, hypercapnia, acidosis and hypotension affect
renal function. There will be reduced glomerular fltra-
tion rate, oliguria (<{1 mL/kg/h), poor sodium excretion
leading to hypernatreinia, raised blood urea and hyper-
kalemia with generalized edema. Improvement in the
infant’s condition is often associated with a spontanecus
diuresis,*”* which can lead to dehydration and hypo-
natremia if extra fluid and sodium are not provided.

Gastrointestinal signs

Most babies with severe RDS, as with any neonatal illness,
have an ileus.*” Their bowel sounds are absent, they do
not pass meconium and gastric emptying is delayed.?"!
Iinprovernent in their general condition is often heralded
by the reappearance of bowel sounds and the passage of
meconium.

DIFFERENTIAL DIAGNOSIS

A number of conditions cause respiratory distress in the
first 4 hours after birth {Table 19.3). Good history taking
is most important in distinguishing the various causes of
early respiratory distress. Gestational age and the pres-
ence of perinatal risk factors such as chorioamnionitis,
meconium staining and asphyxia are impoertant in deter-
mining the cause of early respiratory distress. Prenatal
diagnosis of congenital pulmonary or cardiac anomalies
will also guide towards the correct diagnosis. A careful
physical exarnination and a chest radiograph are also help-
ful in making a definitive diagnosis. It is important to be
aware that two or more respiratory disorders may coexist
in the one infant; for example, RDS and congenital pneu-
monia in preterm infants after prolonged rupture of

Table 19.3 Differential diagnosis of early respiratory
distress

Respiratory distress syndrome (RDS)
Transient tachypnea of the newborn {TTN)
Congenital pneumonia

Meconium aspiration syndrome {MAS}
Other aspiration syndromes
Pneumothorax

Congenital puimonary malfermations
Pulmanary hypoplasia

Congenital heart disease

Persistent pulmonary hypertension
Inborn errors of metabolism
Neurologic disorders

Upper airway cbstruction

Anemia

Polycythemia

the membranes or in the presence of chorioamnionitis,
and meconjum aspiration and congenital sepsis in term
infants with respiratory distress.

INVESTIGATIONS

These are aimed at confirming the diagnosis of RDS and
excluding other diagnoses (Table 19.3), The chest radic-
graph is the best method of making a definitive diagnosis
of RDS, but congenital pneumonia can coexist and have
radiological findings similar to those of RDS (p. 281).

Chest radiograph

Classically, the chest radiograph shows diffuse reticulo-
granular opacification or mottiing in both lung fields with
air bronchograms, where the air-filled bronchi stand out
against the atelectatic alveoli. The appearance varies from
a slight granularity (Figure 19.2) to completely opaque
lung fields where the cardiac shadow is obliterated — the
so-called ‘white-out’ picture {Figure 19.3). The radiolog-
ical severity of RDS may be graded in four categories
(Table 19.4).96% Grade 1 consists of a fine granularity
with superimposed air bronchograms confined within the
borders of the cardiothymic silhouette. The cardiac mar-
gins are clearly seen (Figure 19.2). In grade 2, the typical
generalized reticulogranular pattern is seen and the lungs
show a slight overall reduction in radiolucency. The air
bronchograms are projected beyond the cardiothymic
borders. The lungs of infants with grade 3 show more con-
fluent densities produced by the summation of numerous

Figure 19.2 Chest rodiograph showing changes of
mild RDS (grode 1).
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Figure 19.3 Chest radiogroph showing changes of severe
RDS equivalent to ‘white-out’ (grade 4).

Table 19.4 Rodiological groding of severity of RDS

Grade Characteristics

Grade 1 Very fine granularity
Air bronchograms within heart borders

Grade 2 Generalized reticulogranuiar motiling
Air bronchograms projecied beyond heart
borders

Grade 3 More confluent densities
Maore extensive air bronchograms
Extending to second and third bronchial
divisions
Heart borders still visible

Grade 4 Complete opacification of lung fields

Absence of air bronchograms
Heart borders no longer visible
‘White-out’ appearance

reticulogranular densities. Air bronchograms are more
extensive, extending into the second and third bronchial
divisions. Grade 4 is characterized by complete opacifica-
tion of the lungs with absence of air bronchograms and the
heart borders are no longer visible (Figure 19.3).” Before
assisted ventilation became available, the appearance of
grade 4 RDS usually indicated impending death. Assisted
ventilation, including positive end expiratory pressure
(PEEP) or CPAP, however, can produce rapid improve-
ment in the radiological severity of the lung disease.%® Cases
have been reported where a striking change from grade
3 or 4 to grade 1 or 2 has occurred after the application of
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PEEP Early intervention with high-frequency oscillatory
ventilation (HFOV) or surfactant prophylaxis, especially
with rapidly acting protein-containing surfactants, can
also dramatically improve the radiological appearances
of RDS."

Changes on the chest radiograph are usually apparent
within 5 hours of birth;**® they coincide with the onset of
clinical signs. The appearances, however, may occasion-
ally be delayed for as long as 24 hours, which might be
the radiologic correlate of surfactant becoming used
up.'” In untreated cases, the radiologic picture progres-
sively deteriorates as the reticulogranularity becomes
more prominent during the first 12-24 hours {Table 19.4}.
In infants treated with positive pressure and/or surfac-
tant, the improved radiologic findings reduce the prog-
nostic significance of the chest radiograph.*’ There are,
however, other reasons for performing chest radiography
in infants with signs of respiratory distress: first, to
exclude other diagnoses or coexistent disorders such as
congenital pneumonia, pneumothorax, pulmonary inter-
stitial emphysema, congenital pulmonary anomalies or
abnormalities of the 1ibs; second, to check for position of
the endotracheal tube and/or umbilical arterial catheter.

The radiologic findings in RDS may sometimes be
atypical.’” There may occasionally be a fine bubbly pat-
tern due to maximal distention of terminal airways.”
This pattern can precede the development of pulmonary
interstitial emphysema. Perhaps the most commeon vari-
ation in the usual pattern is an increase in density of the
posterior basal portion of the lung.'” This is due to
atelectasis and fluid accumulation in the move dependent
alveoli of the supine neonate, MRI scanning has recently
been used to confirm these findings’ Asymmetric
changes are surprisingly common occurring in about
30 percent of chest radiographs.?'® In these cases the RDS
pattern is almost always more pronounced on the right
and most infants have mild disease with a good outcome.
Less commonly, RDS may be confined to the lower lobes
or clear more rapidly from the vpper lobes. In animal
studies, the upper lobes show earlier physiclogic matura-
tion than the lower lobes,! When the chest radiograph
shows uneven distribution of reticulogranularity, the pres-
ence of underlying or superimposed pneumonia sheuld
be considered.’”® Another cause of asymmetric paren-
chymal involvement is surfactant treatment,'® due to
uneven distribution of the drug,

Recently, ultrasound has been used to diagnose RDS,
the appearance of retrohepatic hyperechogenicity being
described as pathognomonic.? The technique, however,
is difficult to apply and involves more handling of pre-
term infants than the standard anterior-posterior chest
radiograph. Ultrasound has also been proposed as a
method for determining the position of an endotracheal
tube,’®! but this requires expertise and does have a signifi-
cant failure rate of about 14 percent, which means that it
is not widely used.
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Biochemical

Blood gas and pH measureinents are probably the most
useful biochemical investigations, Hypoxemia, hypercap-
nia and a combined metabolic and respiratory acidosis
are characteristic findings in RDS. From arterial oxygen
tension {FaQ,) measurements, the size of the right-to-
left shunt can be calculated. The Py, is the point on the
oxyhemoglobin dissociation curve at which the hemo-
globin is 50 percent saturated and in preterm infants is
usually between 2.9 and 3.1kPa (22-23imHg) on the
first day. By term the Ps, has increased to 3.3-3.5kPa
(25-26 mmHg) and shows the expected variation with
pH."*® Some degree of hypercapnia is present in nearly all
cases of RDS prior to treatment and its absence should
suggest an alternative diagnosis such as transient tachyp-
nea of the newborn {Table 19.3).

The objectives of treatment of RDS are to prevent
hypoxemia, severe hypercapnia and acidosis, which lead
to hypotension and poor perfusion of organs such as the
brain and kidneys. Arterial blood gases and pH need to be
assessed regularly in infants with moderate to severe RDS
and this will usually necessitate insertion of an indwelling
arterial catheter. The right radial artery or an umbilical
artery may be used for this purpose. Neonatal units should
have their own blood gas analyzer on site to allow frequent
arterial blood analysis, every 2—-4 hours if necessary.
Continuous blood gas and pH monitoring is now possible
using specially developed sensing catheters,'** but these
are expensive and sometimes not easy to insert and, there-
fore, have not gained widespread popularity to date. Pulse
oximetry provides a continuous display of oxygen satu-
ration and is now used widely in neonatal units as a
surrogate measure for Pa0,.”* Its main drawback, how-
ever, 1s that hyperoxia cannot be completely excluded and
in infants at risk of retinopathy of prematurity (ROP),
other forms of monitoring which measure PaO, must be
used in addition. '

Hypernatremia and hyperkalemia occur in RD
The risk of hypernatremia can be reduced by avoiding
the use of overhead radiant warmers after the initial
period of resuscitation and stabilization, the provision of
adequate fluids, use of high humidity in incubators and
avoidance of sodium supplemnents including bicarbonate
in the early neonatal period. Serum sodium will usually
increase a little despite these measures, but levels above
150 mmol/L should be avoided. Occasionaily hypona-
tremia is found soon after birth, but this usually means
that there has been excessive fluid and oxytocin adminis-
tration to the mother during labor.*!'' On recovery from
RDS, impaired renal tubular reabsorption results in
excessive sodium losses in the urine, leading to hypona-
tremia unless adequate replacement is given during this
phase. Hyperkalemia can occur in VLBW infants, despite
apparently normal renal function.”®’” This is probably
due to a shift of potassium ions from blood cells and is
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not usually dangerous until levels above 7.0 mmol/L have
been reached.'® In the presence of reduced renal func-
tion, hyperkalemia will be exaggerated.'®”® The kidneys
of infants with RDS are also poor at excreting hydrogen
jons® and this contributes to their metabolic acidosis.
The reduction in renal function can be exacerbated by
excessive fluid restriction, which will lead to increased
plasma urea and creatinine.”™

Serum albumin is often low in infants with RDS and
this is due to a coinbination of leak into the subcutaneous
tissues,'"” poor protein intake and impaired hepatic
synthesis. Low albumin levels are associated with low
colloid osmotic pressure, which is close to the level at
which tissue and pulmonary edema develop.'®

Immediately after birth, preterm infants with RDS
may develop hypoglycemia as a result of inadequate glu-
cose intake and reduced glycogen stores,? but later they
may develop hyperglycemia,'®® which is due to a combi-
nation of stress hormones, excessive intake from intra-
venous supplementation and relative tissue resistance to
insulin,”"'64

Hematologic

There are no specific hematologic features of RDS,
although infants with this condition can develop anemia
from blood losses (sampling for investigations or intra-
cranial hemorrhage). The white blood cell count is usually
normal for gestation.'* If it is raised (>35000/mm?) or
lowered (<6000/mm”®) then congenital sepsis should be
suspected.”! Thrombocytopenia is not normally a feature
of RDS, unless there is sepsis or disseininated intravascu-
lar coagulation {DIC). Thrombocytopenia has, however,
been reported as a complication of mechanical ventila-
tion in the newborn.'" Other measurements of coagula-
tion (prothrombin time and partial thromboplastin time)
are prolonged in preterm infants compared to adults and
illness such as RDS may aggravate these indings. Overt
DIC, however, is rare in infants with RDS unless there has
been coexistent birth asphyxia, hypothermia or sepsis.>'*

Microbiological

Since sepsis is one of the most important differential
diagnoses of RDS, cultures of blood and gastric aspirates
should be taken on admission to the neonatal unit {p. 281).
A history of choricamnionitis or a positive maternal high
vaginal swab for group B B-hemolytic streptococci (GBS)
makes these investigations even more important. The
place of lumbar puncture in the investigation of RDS
is somewhat controversial. In most cases it is not neces-
sary®»*® as blood cultures are sufficient to isolate any
infecting organisin. In the presence of neurological signs,
however, a lumbar puncture is recommended as soon
as the infant is likely to tolerate the extra manipulation
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mvolved. After cultures have been taken, treatment with
antibiotics should be started in all infants with respira-
tory signs to eradicate GBS infection which may be
present (p. 283).”

Echocardiography

Echocardiography can be helpful to exclude unrecog-
nized congenital heart disease and to look for pulmonary
hypertension andfor depressed myocardial function.'!*
Later echocardiography can be used to diagnose PDA
and assess whether treatment with indomethacin or
ibuprofen is required.

Measurement of surfactant

Gastric or tracheal aspirate or amniotic fluid may be
examined for surfactant activity. L:S ratio was formerly
used to determine the presence of sufficient amounts of
surface-active phospholipids but it is now rarely used.
Assessment of surfactant protein levels, SP-A or SP-B,
may be used to determine pulmonary maturity, but the
assays are relatively expensive and take fime to perform.
Rapid tests for diagnosis of RDS soon after birth include
the ‘shake test’* and the ‘click tesi?'™ The ‘shake test’
relies upon the fact that surfactant generates stable foan
when shaken with ethanol. The ‘click test’ is said to be
quick, simple, inexpensive, reproducible, unaffected by
contamination with blood and capable of being used
to permit early and optimal treatment with surfactant.
Despite this, it has not found favor as a routine investiga-
tion in most perinatal centers.

PREVENTION

Prevention of prematurity
As most infants with RDS are born prematurely, the avoid-
ance of prematurity would largely prevent this respiratory
disorder."’ Premature birth is associated with poverty and
its covariates (drug use, alcohol abuse, smoking, stress and
poor diet).”® Availability and access to prenatal care may
reduce risks of premature birth,'”®7 but the results of
these studies may not be generalizable. In countries with
comparatively low rates of premature birth, interventions
in the antenatal period probably have limited effects even
in the high-risk groups*” The pathophysiology of
preterm birtb, like that of normal birth, remains uncer-
tain® and until more is known it is unlikely that preven-
tion of prematurity will become a reality for many years.
Some obstetric interventions, such as in vitro fertiliza-
tion, increase the risk of preterm birth at least partly
because of the increase in higher multiple births.'** Other
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interventions such as cervical cerclage,’™ control of hyper-
tension and tocolytic therapy have had limited effects on
preventing premature birth. As an example, if cervical cer-
clage is used in women with a previous mid-trimester loss,
it will prevent one preterm labor for every 2330 cerclages
performed.?”"*" Beta-mimetic drugs, such as ritodrine,
have been shown to be effective in prolonging pregnancy
for up to 48 hours but not longer.!'® This intervention,
however, might be beneficial to allow time for drugs which
mature the fetal lungs to be given and to organize transfer
10 a tertiary perinatal center for delivery.”!

Antenatal drugs

CORTICOSTEROIDS

Prenatal treatment with a total of 24 mg betamethasone
reduces the risk of RDS by about 60 percent and neonatal
mortality by about 40 percent (Table 19.5) and VLBW
infants seein to derive the same benefit as more mature
infants.*»'>® The reduction in the risk of RDS is accom-
panied by decreases in periventricular hemorrhage and
necrotizing enterocolitis,** but not chronic lung disease
{Table 19.5).

Guidelines for antenatal corticosteroids

There are very few contraindications to antenatal cortico-
steroid treatiment when preterm labor is likely. Diabetic
control may be more difficult, hypertension may need
additional treatment and infectious indicators in the
mother and newborn may be obscured, but these are not
contraindications to therapy.” In 1994, a Consensus
Conference organized by the National Institutes for Health
in the USA suggested the following recommendations for
use of corticosteroids to prevent RDS:'*

+ Al fetuses between 24 and 34 weeks of gestation at
tisk of preterin birth should be considered
candidates for antenatal treatment with
corticosteroids.

+ The decision to use antenatal corticosteroids should
not be altered by fetal race or gender or by the
availability of surfactant replacement therapy.

s Patients eligible for therapy with tocolytics should
also be eligible for treatment with corticosteroids.

+ Treatment consists of two doses of 12ing
betarnethasone given intrainuscularly 24 hours apart
or four doses of dexamethasone given intramuscularly
12 hours apart. Optimal benefit begins 24 hours
after initiation of therapy and lasts for 7 days.

+ Treatment with corticosteroids for less than 24 hours
is associated with significant reductions in neonatal
mortality, RDS and intraventricular hemorrhage
(IVH}), thus antenatal corticosteroids should be given
unless immediate delivery is anticipated.

* In preterm premature rupture of the membranes at
less than 30-32 weeks of gestation, in the absence of
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Table 19.5 Meta-analysis of outcome of antenatal corticosteroid treatment

Outcome

RDS {all babies)

RDS{<28 wk)

RDS (<30 wk)

RDS {232 wk)

RDS (<34 wk)

RDS {34 wk)

RDS {< 24 h after 1st dose)

RDS {<48 h after 1st dose}

RDS {24 h=7 d after st dose)

RDS {>7 d after st dose)

RDS {dexamethasone)

RDS (betamethasone)

RDS {hydrocortisone)

RDS (males)

RDS {females)

RDS (twins/iriplets)

NND {all}

NND (<1980)

NND (>1280)

IVH {autopsy)

IVH (US)

NEC

CLD

Surfactant use

Stillbirth (all)

Stillbirth {hypertension)

Infection (fetal & neonatal)
Infection {PROM > 24 h}
Infection {PROM at trial entry)
Maternal infection (FROM = 24 h)
Maternal infection (PFROM = 24 h)
Maternal infection (PROM at trial entry}
Long-term neurological abnormality

Number

Trials Babies Odds ratio 95% CI

18 3735 0.53 0.44-0.63
4 48 0.04 0.16-2.50
8 349 0.48 0.30-0.77
7 393 0.33 0.21-0.50
7 1048 0.36 0.27-0.48
8 744 0.65 0.33-1.29
b 349 0.70 0.43-1.16
1 42 0.34 0.08-1.16
4 728 0.38 0.25-0.57
3 265 0.41 0.18-0.98
5 1400 0.56 0.43-0.73

1M 2176 0.49 0.39-0.63
2 172 0.69 0.32-1.47
3 627 0.43 0.29-0.64
3 555 0.36 0.23-0.57
2 140 0.72 0.31-1.68

14 3517 0.60 0.48-0.75
8 2133 0.51 0.38-0.68
6 1384 0.78 0.54-1.12
4 8e3 0.29 0.14-0.61
5 596 0.48 0.32-0.72
4 1154 0.59 0.32-1.09
3 411 1.57 0.B7-2.84
1 121 0.41 0.18-0.89

12 3306 0.83 0.57-1.22
4 239 3.7% 1.24-11.30

15 2675 0.82 0.57-1.19
2 163 2.31 0.77-6.99
4 329 1.11 0.50-2.43

11 2109 1.31 0.99-1.73
1 42 6.04 1.47-24.7
3 320 1.26 0.69-2.28
3 778 0.62 0.36-1.08

Adapted from Crowley.?2

clinical chorioamnionitis, antenatal corticosteroid
use is recommended because of the high risk of IVH
at these early gestational ages.

» In complicated pregnancies where delivery prior to
34 weeks’ gestation is likely, antenatal corticosteroid
use is recomimended unless there is evidence that
corticosteroids will have an adverse effect on the
mother or delivery is imminent.

The Royal College of Cbstetricians and Gynaecologists
(RCOG) pubiished similar guidelines for use of antenatal
corticosteroids, but extended the upper gestational age
limit to 36 weeks.'”

Betamethasone is preferable to dexamethasone as the
latter was associated with a greater risk of periventricular
leukomalacia in an observational study from France.'*
There is no evidence that a single course of antenatal
corticosteroids causes any harmful long-term effects,*»1%

but there is some doubt about the safety of multiple
courses,®® Until the results of ongoing randomized trials
comparing a single course with multipie courses of ante-
natal corticosteroids are available, multiple courses can-
not be recommended as routine treatment.”

There is now accumulating evidence that the combi-
nation of antenatal corticosteroids and postnatal surfac-
tant leads to improved outcomes compared to either
treatment alone.?*!'? Indeed, the combination of ante-
natal corticosteroids and prophylactic surfactant is the
most cost-effective intervention for RDS in infants of less
than 30 weeks of gestation.”

THYROTROPIN-RELEASING HORMONE (TRH)

TRH has been used with corticosteroids in three studies;
a reduction in the risk of CLD was found in one.’®
Subsequent studies, however, have shown that TRH and
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corticosteroids increase the risk of RDS and the need
for assisted ventilation® and at follow-up there was an
increased risk of motor delay and sensory impairment in
surviving infants.>* Administration of TRH to women at
risk of preterm delivery can no longer be recommended.

AMBROXOL

Ambroxol, a metabolite of bromhexine, has been used in
some centers in Europe to promote fetal lung matura-
tion.”%’ The few studies showing benefit, however, were
poorly designed and either too small or failed to analyze
outcomes in all of the treated infants.'* COne further study
showed no benefit from antenatal ambroxol® and this,
together with the need for 5 days of intravencus treatment,
make this intervention of limited use,

Prevention of intrapartum asphyxia

Asphyxia increases the risk and severity of RDS. If asphyxia
is absent and the preterm fetus is presenting by the
vertex, there seems to be no need to proceed to cesarean
section on a routine basis,* but if fetal distress develops,
delivery by cesarean section should be considered at
gestations of 24 weeks and above, For preterm fetuses
who are presenting by the breech, it is hikely that cesarean
section leads to improved outcomes with less asphyxia
and a reduced risk of intracranial hemorrhage.'*® There
have been no successful randomized trials of method of
delivery in preterm pregnancies, but the risk of entrap-
ment of the aftercoming head is likely to be reduced by
cesarean delivery.'® A recent randomized trial of method
of delivery in term breech presentations demonstrated
significant benefits for inother and baby when delivery
was by cesarean section.”” Asphyxia and the associated
hypoxemia and acidosis affect surfactant synthesis. Hypo-
thermia has a similar effect and both should be avoided
following preterm birth to reduce the risk and severity
of RDS.

Gestational age {weeks)

Especially if no antenatal
steroids, known lung
immaturity, male sex

and need for intubation
in resuscitation

Consider if no antenatal
steroids, lung immaturity,
male sex and need for
intubation in resuscitation

Prophylaxis
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When needing [PPY
and >30-40% oxygen

MANAGEMENT

Treatment of RDS comprises a number of interventions
which should begin immediately after birth, The initial
care of preterm infants at risk of developing RDS may
be critical in reducing the severity of the condition and
preventing deterioration and its associated complications.
Delivery room management, surfactant treatment, venti-
latory support and general supportive care are the impor-
tant components of treatment of RDS.

Delivery room management

Appropriate resuscitation of preterm infants at risk of
developing RDS is vitally important. These deliveries must
always be attended by the most experienced pediatric staff.
Transfer to a tertiary perinatal center before birth has been
shown to iimprove outcome. Resuscitation might require
endotracheal intubation,'*® which will allow the prophy-
lactic administration of surfactant.''” Prevention of
asphyxia and early or prophylactic admninistration of sur-
factant are both beneficial interventions but unnecessary
intubation and overtreatment with surfactant might be
harmful and wasteful of resources. An alternative strategy
is the early use of CPAP, which has been associated with a
reduced risk of chronic lung disease in nen-randomized
trials (p. 151)."6 Furthermore, studies from Scandinavia
have shown that intubation for surfactant administration
followed by extubation to nasal CPAP can reduce the
need for positive pressure ventilation.?>?% This leaves
the clinician attending the birth of a preterm infant with
a dilemma about the best way to undertake initial resus-
citation and management.'?® Guidelines for early manage-
ment of RDS have been proposed (Figure 19.4).3'77 In
general, these guidelines are based upon the perceived
risk of an infant developing RDS and they take into
account gestational age, use of antenatal corticosteroids,
method of delivery, complications of pregnancy such as

Figure 19.4 Flow chart to guide

vy timing of surfactant treatment.
Rescue (Reproduced with permission from
Halliday.®)
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hypertension or antepartun hemorrhage and the infant’s
condition at birth {need for endotracheal intubation for
resuscitation).

A number of surfactant preparations are used in clinical
practice {Table 19.6). Natural surfactants (derived from
animal lungs) have some clear advantages over synthetic,
protein-free preparations {Table 19.7). There have been
many randomized controlled trials of surfactant replace-
ment therapy.’®!1%17# These have used synthetic or natu-
ral surfactants, in doses ranging from 50 to 200 mg/kg
given at various times after birth {prophylaxis and early
and late treatment). The results of these trials have been
synthesized as a number of meta-analyses published in

Table 19.6 Some surfactant preparotions in clinical use

the Cochrane Library.'**'% Both natural and synthetic
surfactants, given as either prophylaxis (Tables 19.8 and
19.9) or treatment (Tabie 19.10), reduce mortality rates
and the incidence of pulmonary air leaks compared with
control infants receiving only mechanical ventilation,
Prophylactic surfactant has advantages over selective use
of surfactant {Table 19.11). Multiple doses of surfactant
give better outcomes than a single dose in those infants
who relapse (Table 19.12).

PROPHYLACTIC SURFACTANT

A meta-analysis has shown that prophylactic surfactant,
that is, given within 10-15 minutes of birth, leads to
reduced mortality for infants of 31 weeks of gestation or
less,* but the benefit is likely to be relatively greater at
lower gestational ages. The cost of surfactant alsc needs

Concentration Dose No. Dose volume
Generic name  Trade name Composition (mg/mL} fmg/kg) doses (mL/kg}
Natural®
Surfactant TA  Surfacien® Bovine mince plus DPPC, 30 120 3 4
{Tokyo Tanabe) tripalmitin and palmitic acid
Beractant Survanta™ Bovine mince plus DPPC, 25 100 4 4
{Ross) tripalmitin and palmitic acid
Bovactant Alveofact® Bovine lavage 41.7 50 | 1.2
{Thomae)
Poractant alfa  Curosurf* Porcine mince {polar lipids) 80 100-200 3 1.25-2.5
{Chiesi)
Calfactant tnfasurf* (Foresty  Calf lung lavage 333 160 3 3
Synthetic
Colfosceril Exosurf* DPPC i3.5mg, 13.5 67.5 3 5
palmitate {Glaxo-Wellcomel  hexadeconal 1.5mg,

tyloxapol 1.0mg

Al these drugs contain SP-B and SP-Cin concentrations of 1-2 percent.

*|n the US the dose is 200 mg/kg.

Table 19.7 Meta-analysis comparing outcome of natural versus synthetic surfactants

Number
Qutcome Trials Babies
Pneumothorax 9 4550
PDA 7 3283
Sepsis B 4413
ivH 7 4220
Severe IVH 8 4202
ROP 9 2396
BPD ] 3515
CLD 5 3179
Mortality 10 4588

RR

0.63
0.98
1.00
1.09
1.08
0.85
1.02
1.01
0.36

95% I

0.53-0.75
0.91-1.06
0.50-1.12
1.00-1.19
0.92-1.28
0.88-1.01
0.93-1.11
0.90-1.12
0.76-0.98

NNT 95% C1
23 17-37
36 18—=
40 272-334

BPD, bronchopulmonary dysplasia; €LD, chrenic iung disease; IVH, intraventricular
hemarrhage; PDA, patent ductus arteriosus; ROP, retinopathy of prematurity.

Adapted from Soll and Blanco.’¥
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Tahle 19.8 Meta-analysis of outcome of prophylactic natural surfactant

Number

Qutcome Trials  Babies RR 95% €1 NNT  95% Ci

Pneumothorax B 988 0.35 0.26—-0.49 7 5-9

PDA 3 988 1.08 0.94-1.24 - -

IVYH 8 986 0.98 0.84-1.15 - -

Severe IVH 7 967 1.22 0.90-1.66 - -

BPD 7 932 0.93 0.80-1.07 - -

Neonaial mortality 7 932 0.60 0.44-0.83 14 9-35

Mortality before discharge 6 402 0.70 0.47-1.06 - -

ROP 2 92 1.37 0.63-2.98 - -

Severe ROP 3 250 0.58 0.27-1.24 - -

PIE 5 749 0.46 0.35-0.60 B 4-8
BPD, bronchopulmonary dysplasia; IVH, intraveniricular hemorrhage; PDA, patent ductus
arterigsus: PIE, pulmonary interstitial emphysema; ROP, retinopathy of prematurity.

Adapted from Soll."™
Table 19.9 Meto-analysis of outcome of prophylactic synthetic surfactant
Number
Outcome Trials Bahies RR 95% ClI NNT  95% Cl
Preumothorax 6 1252 0.67 0.50-0.90 20 12-67
IVH 4 1146 0.96 0.81-1.14 - -
BPD L] 1086 1.06 0.83-1.36 - -
Neonatal mortality 7 1500 0.70  0.58-0.85 15 10-31
Mortality before discharge 5 729 0.86 0.71-1.04 - -
PDA 7 1560 1.11 1.00-1.22 21 11-500
PIE 2z 831 0.68 0.50-0.93 16 9-77
Necrotizing enterocolitis 7 1543 1.11 0.78-1.59 - -~
Severe IVH 4 1117 1.01 0.75-1.38 - -
Pulmonary hemoirhage 4 1120 3.28 1.50-7.16 32 19-84
Cerebral palsy {1-2 years} 4 670 0.93  0.64-1.33 - -
ROP 3 645 0.96 0.86-1.07 - -
Severe ROP 3 645 0.89 0.58-1.36 - -
Mortality (1 year) 3 1046 0.83 0.70-0.98 18 10-200

BFD, bronchopuimonary dysplasia; {VH, intraventricular hemorrhage; PDA, patent ductus arleriosus;
PIE, pulmeonary interstitial emphysema; ROP, retinopathy of prematurity.

Adapted from Soll.'¥

to be taken into account, as overtreatment of infants who
are less likely to develop RIS represents a waste of lim-
ited resources. For these reasons prophylactic surfactant
has been recommended only for infants of less than
27-28 weeks of gestation unless the mother has not
received antenatal corticosteroids.

EARLY RESCUE SURFACTANT

For infants of 32 weeks of gestation and greater, early res-
cue treatment when endotracheal intubation becomes nec-
essary to treat RDS is recommended. At gestational ages in
between, that is from 28 to 31 weeks, early CPAP is recom-
mended with surfactant given as soon as endotracheal
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intubation is needed. If intubation at birth is needed for
resuscitation, surfactant should be given at that time. This
in effect will mean that those resuscitating preterm babies
need to have surfactant available in the delivery room from
23 or 24 weeks of gestation to 31 weeks of gestation, aiming
to give surfactant to those under 27-28 weeks of gestation
and to have it in reserve for others who might need intuba-
tion for resuscitation.

RESCUE SURFACTANT

For infants not given prophylactic surfactant, the decision
to give surfactant treatment must be based upon factors
such as gestational age and severity of RDS assessed by
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Table 19.10 Meta-analysis of outcome of synthetic surfactant far RDS

Number

OQutcome Trials  Babies = RR 95% Cl NNT  95% 0
Preumothorax 5 2328 0.64 0.55-0.76 12 9-18
PIE 4 2224 0.62  06.54-0.71 8 6-12
Pulmonary hemorrhage 5 2328 1.44  0.68-3.05 - -
FDA 5 2328 0.0 0.84-0.97 18 11-59
Necrotizing enterocolitis 5 2328 1.32  0.76-2.29 - -
Apnea 4 2224 1.20  1.09-1.31 13 9-26
IVH 4 2224 0.B8 0.77-0.99 27 14-500
Severe IVH 5 2328 0.84 0.63-1.12 - -
BPD 2248 0.7  0.61-092 27 16-91
Neonatal mortality 6 2352 0.73 0.61-0.88 22 14-53
ROP 3 605 0.93 0.80-1.0% - -
Severe ROP 3 605 0.73 046117 - -
Mortality before discharge 6 2352 0.79 0.68-0.92 23 14-63
Mortality at 1 year 4 2224 0.80 0.69-094 25 14-91
Cerebral palsy 5 1557 0.76  0.55-1.05 - -

BPD, bronchopulmenary dysplasia; [VH, intraventricular hemorrhage, PDA, patent ductus
arteriosus; PIE, pulmonary interstitial emphysema; ROF, retinopathy of prematurity.
Adapted from Soll.1%®

Table 19.11 Meta-analysis of outcome af prophylactic versus sefective use of surfactant

Number

Qutcome Trials Babies RR 95% €I NNT  85%Cl
Pneumothorax [ 2515 0.62 0.42-0.89 43 27-200
PIE 5 2037 0.54 0.36-0.82 39 24112
Necrotizing enterocolitis 5 2368 .00 0.73-140 - -
PDA 6 2515 0.96 0.85-1.09 - -
ivH 7 2508 092 0.82-1.03 - -
Severe IVH 7 2508 0.84 0.66-1.06 - -
BPD 8 2816 096 0.82-1.12 - -
Neonatal mortality 7 2613 0.61 0.48-0.77 22 15-42
Mortality before discharge 5 1207 0.75 0.59-096 20 11-125
ROP 4 1919 1.09 0.72-1.66 - -
Severe ROP 2 388 0.97 0.45-2.10 - -
Neonatal mortality < 30 weeks 7 1822 0.62 0.49-0.78 16 11-30

BPD, bronchopulmonary dysplasia; IVH, intraventricular hemorrhage; PDA, patent ductus arteriosus;
PIE, pulmaonary interstitial emphysema; ROP, retinopathy of prematurity.
Adapted from Soll and Morley.'®®

Table 19.12 Metg-analysis of multiple versus single dose of natural surfactant

Number
Quicome Trials Babies RR §5% C1 NNT 95% (1
Pneumothorax 2 394 0.51 0.30-0.88 12 750
IVH 2 394 §.98 0.77-1.25 - -
PDA 2 394 1.12 0.93-1.36 - -
BPD 1 343 1.10 0.63-1.93 - -
Sepsis 1 343 0.66 0.41-1.08 - -
Mortality 2 394 0.63 0.39-1.02 15 8=

BPD, bronchepulmonary dysplasia; IVH, intraventricuiar hemorrhage, PDA, patent
ductus arteriosus.
Adapted from $oii.'®*
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Tahle 19.13 Recommendations for surfaciant treatment

Type of surfactant

Timing

Initial dose
Re-treatment

Action after treatment

Some causes of a poor response

Recommendations

Natural preferred

Synthetic may still be used for mild disease

Early rather than late {e.g. Fi0; >0.40)

100-200 mg phospholipids/kg

Fiexible (6-12-hourly) when Fi0, >0.30 and still on ventilator
Far nature! surfactants: :

Lower AIQ; immediately

Reduce inspiratory time

Lower PIP according to chest watl movement and blood gases
For synthetic surfactant:

Lower FiD; cautiousty and maintain PEEP

Wrong diagnosis: lung hypoplasia, pneumania, ARDS, congenital heart disease
Wrong dose: inadequate to overcome surfactant inaciivation

Wrong place: given into one lung or inio esophagus
Wrong condition: carrect hypothermia, acidosis and hypotension before

treatment
Causes of early relapse and
its management

Inadequate dose: re-ireat
PDA [Doppler, low diastolic BP): early use of indomethacin or ibruprofen

Prneumonia (Gram stain and culture of tracheal aspirate): early treatment with

antibiotics

Pulmonary hemorrhoge: increase pressuyes, ciose the PDA, give diuretics,

consider re-treatment.

Adapted from Hailiday and Speer.”

clinical signs, blood gas results and chest radiographic
appearances (Table 19.13). Clearly, giving surfactant ear-
lier rather than later improves the outcome (Table 19.11}
and if the infant is able to tolerate extubation to CPAP then
this has added advantages.”® Natural surfactant prepara-
tions, containing SP-B and SP-C, are now preferred to the
slower acting synthetic preparations. For infants who
relapse, second and occasionally third doses of surfactant
are usually indicated and lead to improved outcomes comn-
pared with a single dose {Table 19.13).

Transportation to the neonatal intensive
care unit (NICU)

After resuscitation and stabilization, it is important that
the preterm infant is transferred to the NICU without
any deterioration. This means keeping the infant warm in
a transport incubator and avoiding hypoxemia by giving
oxygen, CPAP or intermittent positive pressure ventilation
as needed. The adequacy of oxygenation can be assessed
using a pulse oximeter, remembering that hyperoxia will
not be detected.” If a longer transport is needed, for
exarmple, to a regional center, then this should be carried
out by a dedicated neconatal transport team. Assisted ven-
tilation in preference to CPAP, and adequate cardiorespi-
ratory monitoring with chest leads and transcutaneous
blood gas sensors® are prerequisites of efficient and safe
neonatal transportation. In general, surfactant should be

given before transportation if this is indicated,”® but
it should be remembered that after surfactant the infant
may need to be stabilized at the referral hospital before
transfer.

Stabilization on the NICU

On arrival at the neonatal unit the infant must have a
further period of assessment and stabilization and this
may be best perfermed under a radiant warmer. To pre-
vent excessive water losses, infants should not stay under
a radiant warmer for longer than 1-2 hours. This time is
needed to place further lines for intravenous fluids, arte-
rial blood gas monitoring and to carry out chest and
abdominal radiography to confirm line positions. Rescue
surfactant may also need to be given at this time (p. 260).
After further stabilization, the infant should be trans-
ferred to a warm, hurnidified incubator for further care.

FLUID MANAGEMENT

This will depend upon a number of factors, for example,
gestational age, which correlates with insensible water
losses, presence of asphyxia or hydrops, and severity of the
respiratory distress. Generally, insensible water losses are
high in the first 3 days after birth, especially in the most
immature infants. Radiant warmers and phototherapy
further increase insensible water losses. The presence of
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a PDA may be an indication for fluid restriction. Fluid
restriction in the acute stage of RDS has been recom-
mended with the aim of improving respiratory function.
The results of a randomized trial, however, demonsirated
that when sodium supplementation was controlled, restric-
tion of maintenance fluids did not result in improve-
iments in perinatal lung function.'"® Use of diuretics is
not recommended even though oliguria and peripheral
edema may be present. Diuretic-promoting agents such
as furosemide or albumin do not improve respiratory
function in infants with RDS,

MEDICATION

Infants requiring inechanical ventilation may need seda-
tion with morphine or fentanyl'® and in the presence
of hypotension inotropic agents may occasionally be
required (p. 211).

Yentilatory support

CPAP and positive pressure ventilation are both effective
interventions and they reduce mortality in neonates with
RDS.* Widespread use of antenatal corticosteroids and
prophylactic surfactant means that these interventions
may not be needed. CPAP should be used for babies with
vigorous spontanecus respiration {usually more than
25-26 webks of gestation). Initial pressures of 5-6 cmH,0
are used, but sometimes higher pressuves of 7-8 cmH,O
may be needed (p. 151).'" Intermittent positive pres-
sure ventilation, if needed, should start at high rates
{60-80/min) and peak pressures sufficient to achieve
chest wall expansion, but preferably 20 cmH,0 or less.
Inspiratory times should be 0.3-0.4 seconds. Inspiratory
times and ventilator rates should be manipulated to
achieve synchrony (p. 159). PEEP levels of at least 3 cmH,0
initially should be employed, but increased if the RDS is
severe. After surfactant has been administered, ventilator
settings can usually be adjusted downwards. To reduce
the risks of chronic lung disease, the lowest ventilator
settings possible should be used. HFOV cannot yet be
recommended as a starting treatment for infants with
RDS.% 15 Eor infants receiving mechanical ventilation,
it is important that there is adequate humidification of
the inspired gases.*'? Endotracheal tube suction is rarely
needed early in the course of RDS (p. 236).*!%*36

COMPLICATIONS

Complications of RDS may arise because of prematurity,
as sequelae of RDS, and/or as a result of treatment.
Examples of acute pulmonary complications are pneumo-
thorax {(p. 311}, pulmonary interstitial emmphyserna and
pulmonary hemorrhage (p. 363). Acute extrapulmonary
complications include intraventricular hemorrhage and

persistent ductus arteriosus. Chronic complications
inciude retinopathy of prematurity, neurodevelopmental
sequelae, chronic lung disease and adverse effects of treat-
ment such as subglottic stenosis.

Air leaks
The incidence of pneumothorax depends upon the sever-
ity of RDS, the need for assisted ventilation and whether
or not surfactant treatment has been given (p. 312). In
the surfactant trials infants, in the control groups had rates
of pneumothorax varying between 11 and 80 percent
with lower rates in the prophylaxis trials. Surfactant treat-
ment reduces the risk of pneumothorax by more than 60
percent if natural surfactants are given prophylactically.
This means that most neonatal units experience a rate of
pneumothorax of less than 5-10 percent, so that resident
doctors are often inexperienced in the placement of chest
drains. The incidence of pulmonary interstitial emphy-
sema (PIE) in control infants in the surfactant trials
ranged from 22 to 73 percent, being greater in the treat-
ment trials. Treatment with natural surfactant reduces
the risk of PIE by about 70 percent. PIE is associated with
raised elastase levels in tracheal aspirates,®® suggesting
that intrauterine infection may be a predisposing factor.
Severe bilateral or even unilateral PIE {(more common on
the right side) is often difficult to manage (p. 319).

Pulmonary hemorrhage

Pulmonary hemorrbage (p. 365) is a rare, but serious
complication of RDS which may be increased after sur-
factant therapy, especially with synthetic surfactants. %%
There is also an association with persistent ductus arte-
riosus,”® which is consistent with the view that it is really
hemorrhagic pulmonary edema secondary to left ventric-
ular failure and damage to the pulmonary capillaries.”’
The onset is frequently between the second and fourth
day,® when there may be sudden deterioration with pink
or red frothy fluid aspirated from the lungs or endotra-
cheal tube. The chest radiograph may show massive con-
solidation. Treatment should include increased ventilator
pressures to produce tamponade and reduce pulmonary
capillary bleeding, diuretics to treat pulmonary edema
and indomethacin or ibuprofen to close the ductus arte-
riosus if it appears to be patent.% Re-treatment with sur-
factant may be beneficial.'’” With timely treatment this
formerly fatal condition can be controlled, but the asso-
ciated sudden deterioration can lead to periventricular
hemorrhage or leukomalacia.

Periventricular hemorrhage (PVH}
This is a relatively common association of severe RDS;
the incidence ranges from 14 to 72 percent in infants who
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had been enrolled in trials of surfactant replacement.’”
The effect of surfactant treatment on the risk of peri-
ventricular hemorrhage (PVH) has been variable, with
some trials showing a reduction,’ 147 byt one an
increase.'®™ Systematic reviews, however, suggest that the
overall effect is a non-significant reduction in PVH fol-
lowing surfactant treatment.!*** Pneumothorax is com-
monly associated with PYH'*" and as surfactant treatment
reduces the risk of pulmonary air leak this may be one
mechanism whereby surfactant exerts a positive effect.
The development of a PVH is often associated with clin-
ical deterioration characterized by increasing ventilatory
needs and neurologic signs, which may be subtle, Small
PVH and periventricular leukomalacia (PVL) are gener-
ally asymptomatic. Maintenance of normal blood pressure
can prevent or reduce these peurclogic complications.
Recently, it has become apparent that PVL can be caused
by an inflammatory process, which may have its origin
in wtero’>® and in these cases prevention requires a
prenatal intervention.

Persistent ductus arteriosus {(PDA)

The ductus arteriosus is likely to remain open in babies
with severe RDS for a number of reasons: prematurity is
associated with poorly developed circular musculature in
the ductus, there are reduced arterial oxygen tensions and
inadequate metabolism of vasodilatory prostaglandins in
the lungs.®! Fluid overload may also be an important fac-
tor in the etiology of PDA.'> The incidence of PDA in the
surfactant trials ranged from 14 to 83 percent and there is
a suggestion from the meta-analyses of an increased risk
after surfactant treatment.'®*® The greatest risk would
appear to be in very immature male babies treated with
prophylactic synthetic surfactant.*™ An association has
been made between PDA and pulmonary hemorrhage in
these infants.??* For this reason early use of either intra-
venous indomethacin or ibuprofen has been recom-
mended.®® Late signs of PDA include a continuous
murmur, active precordium and bounding pulses often
associated with a deterioration in pulmonary status.
Early signs include hypotension with diastolic blood
pressure particularly being reduced, and echocardiogra-
phy is also helpful at this stage to confirm the diagnosis.

Most infants developing chronic lung disease (CLD)
weigh less than 1100 g and about half of them have mild
or 1o initial respiratory disease.'” CLD, sometimes referred
to as the ‘new bronchopulmonary dysplasia (BPDY, is
probably due to abnormal repair following acute lung
injury. There is evidence of a chronic inflammatory process
in the airways,” which may have its origins in utero asso-
ciated with choricamnionitis. CLD can be defined as an
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oxygen requirement beyond 28 days (mild disease} or
beyond 36 weeks corrected age (severe disease).”™ Using
these definitions the incidence varies between 40 and 70
percent.'” Prevention of CLD is difficult (p. 409) and the
effects of both antenatal corficostercids and surfactant
treatment appear minirmnal.'34-206

Retinopathy of prematurity (ROP)

Retincpathy of prematurity (ROP) remains an important
cause of blindness. With the introduction of surfactant
treatment there were concerns that the risk of ROP would
increase, but this has not been confirmed and, indeed,
it would appear that the incidence has decreased.'’!
Gestational age, severe systemic illness and hyperoxia are
all important factors in the pathogenesis of ROP and
the size and quality of hospital providing neonatal care
also determine the risks of mortality and severe ROP.#

Subglottic stenosis {p. 443)

This is an uncommon complication of endotracheal
intubation.* It has been associated with the use of cuffed
or shouldered endotracheal tubes, insertion of tubes that
were too wide, inadequate humidification, too frequent
or vigorous tracheal suction and repeated mtubations,

Neurodevelopmental outcome and
prognosis

During the past 25 years, survival of very preterm infants
with RDS has greatly increased,’® but the population
of disabled survivors has generally reinained constant.
Infants of gestational ages 2225 weeks have a particularly
poor long-term prognosis.”">* In addition to immaturity,
factors such as intrauterine growth retardation, neonatal
signs of cerebral depression and low social class are signifi-
cant predictors of neurodevelopmental problems at 9 years
of age.'*® Cerebral ultrasound scans can also be used to
predict outcome®™ and absence of large PVH or PVL is
usually a good prognostic sign.”
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Transient tachypnea of the newborn (TTN) was first
described by Avery and colleagues.” It has also been
called wet lung,* benign unexplained respiratory dis-
tress in the newborn,* neonatal tachypnea® and type
two respiratory distress syndrome (RDS).*

INCIDENCE

In two epidemioclogical surveys of neonatal respiratory
disease, the incidence of pulmonary maladaption, which
corresponds very largely to TTN, was 9.3/1000," and
3.6-4.5/1000.' In another series,”® amongst infants
delivered between 37 and 42 weeks of gestation, the inci-
dence of TTN was 5.7/1000. Others have supgested rates
of 0.8/1000" and 4/1000** in infants born at term. In pre-
maturely born infants, a higher rate of 10/1000 has been
observed.” It has been suggested that TTN is the com-
monest cause of neonatal respiratory distress, account-
ing for 41 percent of cases in one series’ and 32 percent
in another.”® Others* have commented that this con-
dition is underdiagnosed and as many as 77 percent of
cases of RDS are in fact TTN.

PATHOPHYSIOLOGY

Infants with TTN appear to have abnormal epithelial ion
transport."! At birth the mature lung switches from lung
fluid secretion to absorption in response to circulating
catecholamines, steroids and vasopressin (p. 27). Changes
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in oxygen tension are thought to augment the sodium ion
(Na™) transporting capacity of the epithelium and increase
gene expression for the epithelial Na* channel (p. 29).%
In 85 term neonates, measurements of the change in ion
transport function were made during the first 72 hours
after birth by assessing the basal transepithelial potential
difference across the ciliated epithelium of the nose. The
measurements revealed that basal potential differences in
the first 24 hours were higher in neonates delivered by
cesarean section without labor and in those with TTN than
in neonates born during normal spontaneous vaginal
delivery (SVD) or cesarean section with prior labor."

It has been suggested that surfactant deficiency may be
important in the pathogenesis of TTN.® Seven infants
with TTN who had a low lecithin:sphingomyelin (L:S)
ratio (<2) were reported by Hallman and Teramo.'®
Infants with TTN compared to controls were found to
have less desaturated phosphatidyicholine (lecithin) and
phosphatidylinositol and much less phosphatidylgiycerol
in their gastric aspirates.*®

ETIOLOGY

In a population based study of 63 537 newborns enrolled
in a 12-month survey in Italy,” risk factors for TTN were
gestational age, maternal diseases, twinning, birthweight,
operative vaginal delivery, elective and emergency
cesarean section and male sex. The relationship of TTN
to prematurity has been noted previously.” Results from
a retrospective study® suggest that above 28 weeks of
gestation, the heavier compared to the lighter twin is at



increased risk of short-term, mild respiratory problems
following delivery, but this was not as strong a risk factor
as birth order or male gender.

Asphyxia

TTN was originally attributed to delay in fetal lung fluid
clearance.? Newborn lambs with retained fetal fluid have
similar clinical signs and radiological features to infants
with TTN.'? Alveolar fluid normaily has a very low pro-
tein content and thus can be absorbed into the circula-
tion. Avery” postulated that the protein content could be
increased during an episode of asphyxia, either by aliera-
tion of the permeability of the lung capillaries or inhala-
tion of amniotic fluid. The resultant fluid would have
more difficulty passing into the pulmonary circulation.'
Rawlings and Smith noted an association between TTN
and prolonged labor and fetal macrosomia, both factors
likely to be associated with fetal asphyxia,™

Cesarean section

TTN is increased in infants born by cesarean section
with> or without labor; in such infants the incidence of
TTN may be as high as 23 percent.’! RDS occurs in the
setting of elective® or repeat® cesarean section. TTN and
RDS were found to be more common in twins delivered
by cesarean section if this was performed before labor
and prior to 38 weeks of gestation.” This may be due to
the lower epinephrine (adrenaline} levels associated with
such elective deliveties® as, in animals, epinephrine surges
result in lung fluid clearance” Comparison of non-
asphyxiated (cord pH >7.25 and/or Apgar score >7 at 5
minutes) prematurely born infants with infants who did
or did not develop TTN, revealed that eight of 10 infants
with TTN were delivered by cesarean section comnpared to
only two of 13 controls (P < 0.01}. In addition, norepi-
nephrine {noradrenaline) levels were significantly lower
inn the infants with TTN (imedian 3.1 nimol/l compared to
6.4nmol/l; P < 0.01)." An alternative explanation is that
since during cesarean section birth, the infant’s thorax is
not subjected to the samne pressure as when delivered by the
vaginal route, fetal lung liquid is not squeezed out of the
lung. Certainly lung function is relatively impaired follow-
ing cesarean section compared with vaginal delivery. The
crying vital capacity has been noted to be lower™ and the
meean thoracic gas volume (TGV) 6 hours after birth was
19.7 ml/kg after cesarean section compared to 32.7 ml/kg
after a vaginal delivery.”” As the chest circumferences were
the same in both groups, the difference in volumes may be
explained by high residual volurmes of interstitial and alve-
olar fluid in infants delivered by cesarean section.?” The
timing of delivery by cesarean section is important with
regard to the development of respiratory distress. The rel-
ative risk for respiratory distress after delivery by cesarean
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section before the onset of labor, during the week 37 0o
37 compared with the week 387 to 38%% was 1.74 (95
percent CI 1.1~2.8, P < 0.02) and during the week 3877
to 387° compared to 3970 to 397° was 2.4 (95 percent CI
1.2-4.8, P < 0.02).* 1f an infant born at term develops
respiratory distress following an eleciive cesarean, it should
not be assumed they have TTN.» An area-based retro-
spective study of all 179701 babies of 34 or more weeks
of gestation born alive in a defined area of the north of
England in 1988-92 identified 149 babies with features of
respiratory distress typical of surfactant deficiency severe
enough to be managed with ventilatory support and with
no evidence of aspiration or intrapartum infection.
Thirty-six of the infants were born at or after 37 weeks of
gestation.?” Those born between 37 and 38 weeks were 20
times more likely to receive ventilatory support for surfac-
tant deficiency than those born between 39 and 41 weeks.

Maternaf asthma

Two hundred and ninety-four asthimatic patients register-
ing between 1978 and 1984 for prenatal care were matched
with non-asthmatic controls according to age and smoking
status. TTN occurred in 3.7 percent of the infants of asth-
matic subjects compared to only 0.8 percent of controls
(P = 0.003)."* Multiparity was commoner in the asth-
matic subjects but, even when this was allowed for, the
difference in the incidence of TTN between the groups
remained significant. The occurrence of TTN, however,
did not significantly relate to the asthma severity or med-
ication variables. The finding® of an increased incidence
of TTN in maternal asthma is supported by the data of
Shohat et al.® who reported a trend towards a higher
occurrence of a family history of atopy in babies who
developed TTN. Comparison of mothers with asthma
and their infants to a fourfold larger randomly selected
control sample demonstrated that, after controlling for
the confounding effects of important variables, infants of
asthmatic mothers were more likely (OR 1.79, 95 percent
CI 1.35-2.37) than infants of control mothers to exhibit
TTN {Demissie et al. 1998). The proposed mechanism
for the association between TTN and maternal asthma is
that the mothers and infants of asthmatic mothers have
a genetic predisposition to f-adrenergic hyporespon-
siveness.™® In support of that hypothesis are the findings
that 58 children aged 4-5 years who were diagnosed as
having had TTN, were more likely to have recurrent
episodes of wheezy breathlessness and symptoins consis-
tent with asthma and signs of atopy.*®

CLINICAL SIGNS

TTN is more frequently diagnosed in term than preterm
infants, but in the latter group coexisting respiratory
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problems mask the presentation. Affected infants are
tachypneic with respiratory rates up to 100-120 breaths/
min. Grunting and retractions are uncoimmon. The chest
is barrel shaped due to hyperinflation and the liver and
spleen are palpable because of downward displacement
of the diaphragm. Peripheral edeina with puffiness of the
hands, feet and face may be present. On auscultation there
may be added moist sounds, similar to those heard in
heart failure. There is frequently an associated tachycardia,
but the blood pressure is usually within the normal range,
unless the infant develops severe respiratory failure.

Sundell et al. described type II respiratory distress as a
variation of TTN in preterm infants.** This followed
mild depression at birth. Infants with type II respiratory
distress could be distinguished from those with RDS as
they all had a prompt response t¢ oxygen administration
and the course of their illness was always benign.

TTN usually settles within 24 hours but may persist
for up to 8 days."! In one study,” the signs had abated by
48 hours in 74 percent of babies. In some infants the
course is more prolonged, in 19 percent of cases in one
series’ and in 26 percent of cases in another.® In this
latter series the disorder lasted for a mean of 5.7 days in
nine infants who were male, marginally premature, born
by cesarean section and mildly asphyxiated at birth, but
did not differ with regard to their chest radiograph
appearance on the day of delivery to those of infants with
transient symptoms. Halliday et al. reported six infants
they described as suffering [rom severe TTN as they
required more than 60 percent oxygen in order to main-
tain normal arterial oxygen tensions and six of the nine
babies required intubation and mechanical ventilation."
The infants, however, had evidence of perinatal asphyxia
with both low Apgar scores and arterial pHs immediately
after birth, and thus may have been suffering from post-
asphyxial lung edeina,” rather than TTN.

Pulmonary hypertension has been reported in infants
with TTN with right-to-left shunting of blood across the
ductus arteriosus.!” The pulmonary hypertension fol-
lowing elective section may be so severe that extracorpo-
real membrane oxygenation (ECMO) is required.?? The
mcrease in pulmonary vascular resistance may be due to
the lung hyperinflation associated with retained fetal
lung fluid.* Alternatively, the increase in pulmonary vas-
cular resistance may be the result of perinatal asphyxia
and acidosis. Pulinonary air leaks have been reported in
infants with TTN.'¢

Lung function

In the only large study of lung mechanics in infants with
established TTN, Sandberg et al found a reduced tidal
volume, but as the respiratory rate was increased, the
minute volume was higher than that measured after
recovery.*® There was some gas trapping, an increased total
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lung resistance and reduction in dynamic lung compli-
ance. The changes were attributed to lung liquid retained
within the lung causing narrowing of the small airways.

DIFFERENTIAL DIAGNOSIS

The diagnosis of TTN is inevitably a retrospective one
when the transience of the illness has been documented
and other potentially more serious conditions have been
excluded. At the mild end of its spectrum, TTN merges
into minimal respiratory disease (p. 247) and, at the
severe end, where there are abnormalities of pulmonary
vascular tone and cardiac function, it merges into per-
sistent pulmonary hypertension (p. 373). It can usually
be differentiated from post-asphyxial tachypnea (p. 396)
on the basis of the clinical features (p. 396}, blood gases
and chest radiograph appearance. In post-asphyxia
tachypnea there may be cardiac enlargement, which is
unusual in TTN. In addition, there will usually be a low
pH, with a base deficit > 10 mmol/l and a low or normal
PaCO,, whereas in TTN usually a base deficit is absent
and the pH will be normal or elevated. TTN is differenti-
ated from RDS by the chest radiograph appearance. The
most important and difficult differential is from early-
onset sepsis, particularly due to group B streptococcus
(GBS). As this diagnosis can only be excluded once the
blood culture results are known to be negative, antibi-
otics must be administered to all infants with respiratory
distress, including those with TTN,

DIAGNOSIS

Criteria for the diagnosis of TTN have been suggested to
include any supplementary oxygen requirement during
the first 6 hours which does not increase during the sub-
sequent 18 hours; improvement in the clinical condition
within 3-6 hours and a chest radiograph appearance,
which is either normal or shows reduced transiucency,
infiltrates or hyperinsufflation of the lungs.”

Chest radiograph

The chest radiograph demonstrates hyperinflation with
prominent perihilar vascular markings, edema of the inter-
lobar septa and fluid present in the fissures (Figure 20.1).2
The prominent perihilar streaking (Figure 20,2} is prob-
ably engorgement of the periarterial lymphatics that
appear to participate in the clearance of alveolar fluid.
Fluid may be present in the costophrenic angles with
intercostal bulging of the pleura. Clearing of fluid from
the lungs on the chest radiograph is usually apparent by
the next day, although comiplete clearing may take up to
3-7 days.



Figure 20.1 Characteristic features of retoined pulmonary
fluid with airspace filiing and fluid in the horizontal fissure.

Figure 20.2 TTN. severe changes with widespread
consolidation indistinguishoble radiclogically from infection
at this stage. Rapid clearance of the abnormalities within
24 hours confirmed the diagnosis.

Echocardiography

Infants with mild or classic TTN have only niild left ven-
tricular failure with disordered left ventricular contrac-
tility in the frst 24 hours after birth, but no right
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ventricular dysfunction or increased pulmonary vascu-
lar resistance.'” Severe TTN may be associated with gen-
eralized myocardial failure, pulmonary hypertension,
right-to-left shunting and abnormalities of systolic time
intervals of both ventricles lasting up to 72 hours. The left
ventricular pre-ejection period to ejection time (LPEP/
LVET) ratio has been found to corvelate with the duration
of treatment with oxygen; this ratio increased for the first
3 days after birth in those infants with severe TTN."”

Inflammatory markers
Interleukin-6 (IL-6) levels at the onset of symptoms in
newborns evaluated for sepsis in the perinatal period dif-
fered in infants with TTN to those with proven and/or
clinical sepsis. Initial CRP results, however, had no value
in distinguishing infants with TTN.*

MONITORING

Oxygen requirements should initially be monitored
by intermittent arterial sampling, pulse oximetry or
transcutaneous oxygen monitoring. An umbilical arterial
catheter should be sited if the infant continues to require
an FiQ, of greater than 0.4 for 6 hours and/or mechani-
cal ventilation.

PROPHYLAXIS

Inn a randomized placebo-controlled trial, a continuous
mnfusion of terbutaline given to mothers prior to elective
cesarean section was associated with higher lung compli-
ance and lower airway resistance. None of the infants
whose mothers had received terbutaline, but two con-
trols, developed TTN. No adverse effects were seen in the
neconates, but the mothers who received terbutaline had
significantly higher levels of bleeding.'!

MANAGEMENT

Respiratory support

[(The majority of infants require no form of respiratory
support. If oxygen is required, it is usnally at a concentra-
tion of less than 40 percent oxygen delivered into a head-
box for up to 2-3 days. Some infants, however, require up
to 100 percent inspired oxygen concentration® and a few
infants positive pressure ventilation.*® Continuous pos-
itive alrways pressure is not recomimended for infants
with TTN because of the theoretical increased risk of
pneumothorax in the presence of an already hyperinflated
chest.
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Fluid management
Nasogastric feeds should be withheld until the infant’s
respiratory rate settles. [nfants with TTN lose weight less
rapidly than infants without TTN (].S. Rawlings and
E.R. Smith presented to the Californian Perinatal Associ-
ation 1985). Fluid restriction to 40 ml/kg/day should be
instituted until a diuresis occurs, usually by 48 hours of
age. Diuretics, however, do not influence outcomne. In a
controlied randomized prospective study, Wiswell et al.*®
demonstrated that treatment with frusemide at a dose of
2 mg/kg given orally at the time of diagnosis and 1 mg/kg
12 hours later, made no significant difference to the dur-
ation of tachypnea or the duration of hospitalization.

Antibiotics
Early-onset sepsis may mimic TTN; as a consequence
antibiotics should be given to all infants with respiratory
distress. In most cases it is adequate to just give penicillin
until the cultures are known to be negative. If, however,
there are suspicious features in the history (prolonged
membrane rupture, maternal pyrexia, gestational age
less than 37 weeks), worrying clinical features {apnea,
hypotension) or abnormalities of the blood count or a
raised CRP level (p. 74), then both penicillin and gen-
tamnicin should be given. If by 48 hours of age the baby is
clinically improving and the cultures are negative the
antibiotics can be stopped.

PROGNOSIS

Mortality

A mortality of 1.3 percent in infants with TTN was found
in a 12-month survey which included 63 537 newborns.?
The 594 infants who developed TTN, however, included
350 born prior to 36 weeks of gestational age and if only
those born at term are considered the mortality rate was
0.8 percent.® In low birthweight infants, an early study
reported a mortality rate of 7.8 percent in TTN.>

Morhidity

RESPIRATORY

The condition is self-limiting and usually improves
within 2-4 days. Some mfants with TTN have a longer
course resulting in prolonged hospital admission.”
Bronchopulmonary dysplasia 1s not seen in TTN sur-
vivors. At follow-up it has been suggested that young
children who had TTN may have an increased incidence
of wheeze.?? Comparison at 4-5 years of age of 59 chil-
dren who had suffered from TTN with 58 controls of
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similar birthweight and gestational age, revealed that the
‘TTN group’ had a significantly higher incidence of
recurrent {more than two} episodes of wheezy breath-
lessness (P < 0.02). There was a trend towards a higher
incidence of a family history of atopy and sympioms
consistent with childhood asthma and other atopic con-
ditions were significantly more common in the TTN
group. In contrast, others™ have reported none of their
TTN infants manifested wheezing by the age of 15
months. A prospective follow-up study is required to
accurately determine the occurrence and extent of
chronic respiratory morbidity following TTN.

NEUROLOGICAL

Long-term neurological sequelae have not Dbeen
described in infants who had TTN and would not be
anticipated in a group of term babies who were not
seriously hypoxic nor hypotensive and not susceptible to
intracramial hemorrhage,
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Invasion of lung tissue by pathogenic mmicroorganisms is
relatively common during the newborn period because
of the immaturity and naiveté of the immune system,
including specific pulmoenary defenses, and the fragility
of the mechanical barriers provided by skin and mucous
membranes, Premature birth increases the susceptibility
but, as with all infections, host factors are but one part
of the story. Other important concerns are the character-
istics and dose of the microorganisms encountered, the
balance struck between colonization and invasion and
the existence of abnormal portals of entry such as endo-
tracheal tubes. Pneuimonia is an exceptionally serious
condition for the newborn and is responsible for the
deaths of some two million infants per year world-
wide.®® In the developing world, pneumonia occurring
during the neonatal period carries a ten times greater
mortality than when it occurs at any other time in
infancy.”” Pneumonia is particularly dangerous when
respiratory reserve is already limited by conditions such
as RDS (p. 245), CLD (p. 399) or congenital anomalies,
Neonatal preumonia may be an isolated focal infection
but is commonly part of a more widespread infective
illness.??! Definition and ascertainment of cause is
generally more difficult with pneumonia than with other
focal infections. This is parily because non-infective
pulmonary pathology is so commen in babies, and often
impossible to distinguish radiologically, and partly because
the isolation of microorganisms from respiratory secre-
tions is not synonymous with pneumonia in the same
way that microorganisms in the CSF are synonymous
with meningitis. Indeed, bacteria can be found in the
lungs at postmortem examination in a large proportion
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of babies who show no histological evidence of pneumo-
nia 3373832 The facts that neonatal pneumonia is rela-
tively common, potentially life-threatening and difficuit
to diagnose males it a challenging condition for the
neonatologist.

INCIDENCE

Reliable incidence figures for neonatal pneumenia are
hard to find, mainly on account of case definition prob-
lems. The most commeonly quoted figures are 1 percent
for term infants and 10 percent for preterm infants,
but a reliable source for these data is difficult to locate.
Using a rigorous approach fo diagnosis, in a prospective
study, the incidence of neonatal pneumonia in an Oxford
hospital was reported to be 3.7 per 1000 live births.**
This was among a population of almost 20000 babies
born in a tertiary referral center and included all
cases of prneumonia occurring before discharge. This
probably represents the best available estimate of the
current incidence of neonatal pneumonia among hospi-
talized newborn infants in the UK. There are, of course,
additional cases occurring in infants under the age of
1 month in the community, but these data are not
available. Among preterm infants the incidence is much
higher. In the Oxford study 92 percent of infants with
late-onset pneumonia were preterm and 87 percent were
ventilated at the time of onset."** The mean postnatal age
at onset was 35 days. The reported incidence of pneumo-
nia in intubated babies varies from 10 to 35 percent.
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Halliday et al.'” reported an incidence of pneumonia
of 35 percent among intubated babies with RDS. Using
more stringent immunological criteria Giacoia et al.’**
diagnosed pneumonia in 24 percent of intubated babies,
but in the Oxford study, using strict radiological and lab-
oratory criteria, only 10 percent of intubated babies had
late-onset pnewnonia, Pneumonia is an important cause
of perinatal mortality, contributing 36 percent of cases in
the British Perinatal Mortality Survey,?* and 20 percent
of neonatal deaths in the US Collaborative Perinatal
Project.’®

PATHOGENESIS

The fetus normally encounters no microorganisms dur-
ing development and the newborn infant becoines harm-
lessly colonized by bacteria acquired from the birth ¢anal
and the environment. This happy state of affairs is evi-
dence of the integrity of the barrier to infection provided
by the placenta and mmembranes, the low pathogenicity of
most colonizing organisms, and the relative competence
of the infant’s defense mechanisms. It is usually when
one or other of these factors is altered that fetal or neo-
natal infection occurs.

Pulmonary defense mechanisms

The lining of the airways and alveoli is essentially an
external surface which is readily accessible through
breathing to microorganisms present in the atmosphere,
colonized upper airways, ventilator circuits and endotra-
cheal tubes. Mechanisins to deal with this constant inva-
sion of potential pathogens are fundamental to health
and must operate with minimal adverse effect on gas
exchange.

AIRWAYS

In the upper airway, the main line of defense is muco-
ciliary clearance. Inhaled microorganisms adhere to the
mucus secreted by glandular cels in the columnar epithe-
lium of the airway and are subsequently expelled by
ciliary action and coughing. Respiratory mucus also
exhibits bactericidal properties effected by secretory
IgA, lysozyme, lactoferrin and peroxidases.'***%® Several
respiratory pathogens, though, such as Haerophilus
influenzae, Pseudomonas aeruginosa and Streptococcus
prewmoniae, have a high affinity for mucus, although
they do not adhere well to respiratory epithe-
lium.**1*5416 Many of these organisms produce factors
which slow down and disorganize ciliary action, >3
A relatively static, thick film of mucus allows many
bacteria to thrive and in this biofilm they are relatively
safe from opsonophagocytic killing by neutrophils.®?

In the newborn, mucociliary clearance is relatively poor
but in the preterm infant with CLD, intubation, excessive
mucus production and the virtual absence of coordi-
nated ciliary function are strong predisposing factors to
persistent pulmonary infection,2324%:253:274349454 1, the
upper airway, pulmonary epithelial cells create an effec-
tive mechanical barrier by the maintenance of tight junc-
tions just below the luminal surface,* although some
bacteria, such as P. aeruginosa, produce toxins which can
disrupt these tight junctions.!” The epithelial cells pro-
duce and respond to a variety of eicosanoids, cytokines
and growth factors. These have important roles such as
the chemoattraction of neutrophils and lymphocytes to
the lung, upregulating the expression of adhesion mole-
cules such as ICAM-1 and expression of both class [ and
II major histocompatibility complexes (MHC) involved
in antigen presentation to lymphocytes.”® Respiratory
epithelium also contains dendritic cells, which are the
most efficient antigen-presenting cells, expressing both
class [ and IT MHC molecules.*° There is relatively little
information on the relative competence of the respira-
tory epithelial defense mechanisms of the newborn and
there are some conflicting data.>!**%

ALVEOLI

The defenses against microorganisms at alveolar level
are both cellular and humoral. The main defense cell of
the lung is the alveolar macrophage whose phagocytic
and microbicidal capacity exceeds that of macrophages
from other tissues. The developing lung contains few
macrophages until term,'" but there is a rapid increase
following birth. In a monkey model, RDS attenuates
this postnatal increase in alveolar macrophages, leading
to the suggestion that surfactant may have a role in
attracting circulating macrophages to the lung.’® An
important function of the alveolar macrophage is to
ingest foreign antigens and transport them to the cell
surface, where they bind to MHC molecules. This allows
the antigen to be recognized by T cells, which then
proliferate, develop functional effector capabilities (such
as immunoglobulin synthesis, cytotoxic activity) and
communicate with other cells through the liberation of
cytokines and leukotrienes. Other cell types, such as
polymorpheonuclear leukocytes, are attracted to the
lower rtespiratory tract®® and leukotrienes are probably
especially important in this respect.’®® An important
mechanism in this is binding of circulating immune
cells to adhesion molecules expressed on pulmonary
endothelium.?**% As the population of immunocom-
petent memory cells in the inflamed lung increases so
does the possibility of antigen recognition and a more
efficient killing response. In the newborn, antigen pres-
entation on the cell surface appears to be an efficient
process but the T-cell effector response is reduced in com-
parison to adults {p. 50).1>% Leukotriene synthesis
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by alveolar macrophages is also reduced by adult stan-
dards® and there is some evidence of reduced expres-
sion of the nitric oxide synthetase enzyme.’

The humoral response to mhaled autigens is brisk
as antigen-specific B cells initiate the synthesis of
secrefory IgA in the upper airway and IgG in lung
parenchyma, which is then released onto the alveolar
surface. One of the functions of the IgG is to act as a
bacterium-specific opsonin to facilitate phagocytosis by
alveolar macrophages,”* which are otherwise not good
at ingesting viable bacteria.’® Specific {gG is essential for
the killing of Gram-negative organisms such as P. aerug-
inosa. In the newborn, the B-cell repericire increases
throughout gestation, but even at term IgG responses to
both protein and polysaccharide antigens is relatively
poor compared with aduits. This limits resistance to lung
invasion by microorganisms to which the mother has
little or no IgG antibody.

Both surfactant and its associated proteins may have
direct effects on bacteria and also interact with lung
defense mechanisms in a variety of ways.*® For example,
it has been shown that Curosurf enhances the phagocy-
tosis of Cryptecoccus deformans by alveolar macrophages
in vitro, whether or not the yeast was opsonized by
1gG.'*? In another study, a modified Curosurf prepara-
tion was shown to inhibit the multiplication of Group B
streptococci in the lungs of rabbit fetuses. 2!

CONGENITAL OR INTRAUTERINE
PNEUMONIA

Pneumnonia which is established at the time of birth has
occurred either as a result of transplacental hemato-
genous spread or else as a result of ascending infection
from the birth canal. Infection usually occurs via the
ascending route in the setting of prolonged rupture
of the membranes, but may rarely be introduced by
procedures such as amniocentesis or fetal blood trans-
fusion. 2! The microorganisms responsible for trans-
placentally acquired pneumeonia include rubelia virus,
cytomegalovirus (CMV), herpes simplex virus (HSV),
adenovirus,® varicella zoster virus,’?® enterovirus,?®
mumps virus,”! influenza A virus,” Toxoplasma gondii,
Listeria monocytogenes, Mycobacterivm tuberculosis®® and
Treponema pallidim. In most of these cases pneumonia
is but one feature of a serious generalized infection.
Established pneumonia at birth as a result of ascend-
ing infection is rare and when pneumonia is acquired in
this way it is much more usual for the initial signs to
develop during the first few days after birth. There is no
doubt, though, that many of the histological features of
pneumonia can be found in some infants who are still-
born or else die shortly after birth. There are usually dif-
fuse inflammatory changes, with increased numbers of
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polymorphs and alveolar macrophages and an infilira-
tion of rouud cells in the interstitial tissue of sinall air-
ways and interalveolar septa.®!6382

Some of the histological changes usually associated
with pneumonia are absent in congenital cases, particu-
larly evidence of a pleural reaction and of infiltration and
destruction of bronchopulmonary tissue.*® Evidence of
aspiration of amniotic fluid, in the form of vernix and
squamous cells in the alveoli, is common. Bacteria are
uncommon and cultures are often negative.”® These fea-
tures have led to the suggestion that many cases of so-
called congenital pneumonia are predominantly, or even
exclusively, cases of asphyxia. This view is supported by
evidence of widespread asphyxial injury in infants dying
of congenital pneumonia® and that asphyxia and infec-
tion may produce similar inflammatory changes in the
lung.*” An appealing way of linking the concurrence of
asphyxia and congenital pneumonia is to say that pneu-
monia does not develop while there is a continuous out-
flow of lung liquid, but when asphyxia leads the fetus to
gasp deeply, infected liquor is aspirated into the depths of
the lung.

The microorganisims associated with congenital pneu-
monia are the same as those causing early-onset infection.
The mortality rate for congenital pneumonia is very
high. Amongst extremely low birthweight infants, con-
genital pneumonia has been reported to be the main
cause of death, although the difficulty in distinguishing
between asphyxia combined with infection and infection
alone remains problematic.’

EARLY-ONSET PNEUMONIA

Pneumeonia secondary to contact with microorganisins
from the mother’s vagina during, or just prior te, birth is
much commoner than congenital pneumonia and typi-
cally presents with symptoms during the first 48 hours
after birth. There is often systemic sepsis in addition to
pulmonary involvement. The reported incidence of such
early-onset pneumonia is 1.79 per 1000 live births.

Microbiology
Numerous microorganisms can cause early-onset pneu-
monia, but in the developed world Streptococcus agalac-
tice {group B streptococcus, GBS) accounts for some
6070 percent of cases.*** Other important bacteria caus-
ing early-onset pneumnonia include H. influenzae, 215265365
S. pnewmoniae,®VIPH186223236339458 1 onocytogenes, 6
pseudoimonads,*'® and the Gram-negative enteric bacilli
such as Escherichia coli, Klebsiella prewmoniae and Proteus
mirabilis. Rarely, anaerobic bacteria such as Bacteroides
fragilis are implicated.®*%* Some unusual organisms
may also cause early-onset pneumonia {Table 21.1).



Early-onset pneumonia 281

Table 21.1 Unusuaf causes of neonatal pneumonia
Organism Reference

Serratia marcescens
Bacteroides frapgilis

Duggan et a/.11°
Yohannan et g}.4%°
Brook et at.5%
Andersson et gl "’
levon ef a} 230

Pasteureifa multicada
Baciltus cereus

Stenotrophomonas Ozkan ef af 3!
maftophifio

Nocardia asteroides lohnston et al.?!

Flavobacterium Tam et af.*%8
meningasepticum

Fukuda'¥s

Dysen et al.}13
Ohlsson and Bailey®'®
Shamir et af.3®
Rowen and Lopez®®!
Hiemstra et af.2%%
Lorenz et af.255
Cone®?

Kao ef al 3®

Jones et gi 333

Drut and Drut'®®
Radoycich ef gf 31>
varicelia zoster virus Isaacs?'®

My Hocker et af. 207

Coccidiaides immitis
Branhamella catarrhalis

Citrobacter diversus
Marganefla morganii
Trichomonas vaginalis
Lactebacillus leichmannii
HSVY 6

inHuenza A virus

Mumps virus

Measies virus

Non-bacterial pathogens causing pnewnonia include
yeasts, especially Candida albicans'>™ Y52 and numer-
ous viruses, including adenovirus,>7*9334.406 Cpfy 37

HSV* and echovirus.%'*® Chiamydia trachamatis is
12,24,88,273,312

reported to cause early-onset disease, ‘ as are
mycoplasmasg.’>*1%422
Pathogenesis

Most cases of early-onset pneumonia are the result of
inhalation of infected amniotic fluid or secretions from
the birth canal, but pneumonia may occasionally occur
as a result of the blood-borne spread of infection to the
lung. Apart from the presence of pathogenic organisins
i the birth canal, the most important predisposing
factors to early-onset pneumonia are prolonged rupture
of the membranes,'®107180.246.258.275354 1o maturity and
maternal urinary tract infection.** Bronchoalveolar
lavage fluid from ventilated infants, born following pro-
longed rupture of the membranes, contains increased
numbers of white blood cells and a high concentration of
interleukin-6."5¢

The histology of early-onset neonatal pneumonia is
little different fron: that seen in other age groups. There is
usually a diffuse infiltration of leukocytes, vascular con-
gestion, hemorrhage and patchy necrosis. Fibrin deposi-
tion is comnmon in later presenting cases but unusual in
very early ones. Bacteria are commonly seen. Hyaline
membranes, similar to those seen in surfactant-deficient

RDS, are often observed in babies dying of pneumonia
caused by GBS, H. influenzae and Gram-negative enteric
bacteria. In the case of infants dying very soon after birth,
the hyaline membranes are full of bacteria.’®®> Abscess,
empyema or pnemmnatocele formation is very unusual in
early-onset pneumonia, because it is rarely caused by
organisins such as Staphylococcus aurens or K. pneumo-
rniae with which these phenomena are strongly associated.
Occasionally, though, abscesses or pneumatoceles have
been reported in early-onset cases caused by Streptococcus
prewrmoniae,®®® Escherichia coli'™™?* and H. influenzae.™

Clinical features

The clinical features of early-onset pneumonia vary to
some extent according to the causative agent. Typically,
though, signs of progressive respiratory distress accom-
panied by signs of systemic sepsis develop within a few
hours of birth and progress rapidly. Less often, the iliness
has a more insidious onset with signs of sepsis predomi-
nating over respiratory signs. Pneumonia must be on the
list of differential diagnoses for all cases of suspected sep-
sis and all cases of respiratory distress,

Investigation

CULTURE

Blood culture is usually positive and culture of nasopha-
ryngeal aspirates grows the same organism as the biood
culture in a high proportion of cases.*** If intubation is
necessary, tracheal secretions should be obtained for
microscopy and culture. Positive cultures from respira-
tory secretions do not prove pnewmnonia, but there is a
much better correlation between bacteria in tracheal
aspirates and invasive Jung mfection in early-onset infec-
tion®®® than in late-onset infection.””! Cultures are also
valuable in rationalizing the choice of anfibiotics so as to
cover all organisms isolated, Cultures from other sites are
less helpful, although almost all infants with GBS pneu-
monia will have positive Gram stains and cultures from
gastric aspirate, throat and ear swabs. ™’

RADIOLOGY

The radiological features vary according to the causative
agent, the duration of infection and the coexistence
of other lung pathology (Figures 21.1 and 21.2). They
comprise infiltrative patterns, changes in lung volune,
pleural effusions and, rarely, abscess or pneurnatocele
formation. Infiltrative patterns can be categorized
as lobar or segmental consolidation, patchy alveolar
infiltrates, hilar and peribronchial infiltrates, reticular
or reticulogranular infilirates, nodular infiltrates and
diffuse haziness or opacification. Whilst these, and other,
descriptive terms are needed io order to communicate
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Figure 21.1 Bacterial pneumonia due to E. coli. Diffuse
consolidation associated with hyperinflation indicating
farge and small airway disease.

Figure 21.2 Congenitaf prenmonia compliceted by
mecanium aspiration syndrome.

radiological descriptions, none of them is specific to a
given pathogen and several different patterns may be
seen during the evolution of a pulmonary infection.
Changes in Jung volume occur in pneumoma as a result
of partial or complete airway obstruction by inflammatory
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swelling or secretions. Partial obstruction leads to
hyperaeration and complete obstruction to absorption
atelectasis. Pleural effusions occur when fluid from the
inflammatory process overflows into the pleural space.
Effusions are commoner in bacterial and fungal infection
than in viral or mycoplasma infection.

NON-SPECIFIC TESTS

In addition to clinical, microbiological and radiological
evidence, the diagnosis of pnewmonia is usually sup-
ported by evidence of an inflammatory process, such as a
rise in the C-reactive protein {CRP} (or other inflamma-
tory marker) or an abnormal white blood cell count.
Infants with pneumonia have higher concenirations of
interleukin-1 and TNF-« In tracheal aspirates than
infants with uncomplicated RDS %

DIFFERENTIAL DIAGNOSIS

The principal differential diagnosis in the preterm infant
is RDS and, since pneumomia can damage surfactant
production and function, the two conditions may coex-
ist.?5? Bacterial pneumonia should always be suspected in
preterm infants with respiratory distress, but especially
when there are risk factors for sepsis such as premature
rupture of the membranes (PROM) or maternal pyrexia
and when there are features such as early onset of apnes,
hypaotension, poor tissue perfusion and metabolic acido-
sis. In terms of investigations, those with the highest
positive predictive value for bacterial pneumonia, as
opposed to RDS, are a positive Gram stain from surface
sites, a low total neutrophil count (<4 X 10°1) and an
increased ratio of immature neutrophils to total neu-
trophil number (>0.4).%% Since it is impossible, how-
ever, to exclude a diagnosis of bacterial pneumonia in
preterm infants with apparent RIS, the only safe
approach is to prescribe antibiotics for 48 hours, until
cultures are known to be negative and the CRP level, or
other mdicator of infection, has been seen not to rise. IF
a previously well infant becomes dyspneic after 6 hours
of age, pneumonia is the most likely diagnosis. Pulmonary
edema in infants with heart disease, and the very rare
infant who presents late with a pneumothorax or an
intrathoracic malformation can vsually be differentiated
easily by a clinical examination, chest radiograph and,
if necessary, an echocardiograph. Care must be taken
to exclude other causes of tachypnea, in particular that
secondary to metabolic acidemia.

Treatment
All infants showing signs of respiratory distress which

does not have a clear non-infective cause must be treated
with antibiotics pending the results of further observation,
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Figure 21.3 Pneumatoceles in a case of pneumonia caused
by Staphylococeus aureus.

cultures and CRP levels. If the cultures are negative, the
inflammatory markers do not rise and the baby makes a
rapid recovery {as is often the case), treatment can be
stopped. The safest ‘blind’ choice of antibiotic for pre-
sumed neonatal pneumonia is a combination of ampi-
cillin or benzylpenicillin and an aminoglycoside. A third
generation cephalosporin is an alternative, if there is
little likelihood of the pneumonia being due to L. mono-
cytogenies or enterococci and it does offer the benefit of
reliable cover against H. influenzae as increasing num-
bers are resistant to ampicillin. Antibiotic therapy for
proven poewmonia should continue for 10 days, unless
the pathogen is Staplydococcus aureus, in which case at
least 3 weeks of therapy should be administered.

In infants with staphylococcal or coliform pneuimo-
nia, pneumatoceles may develop™? as, rarvely, may lung
abscesses and empyema (Figure 21.3).'"% Abscesses and
pucumatoceles should be treated conservatively in the
first place, using long-term intravenous antibiotics if there
is an abscess. If the infant has an empyema, a thoracentesis
tube for closed-chest drainage should be inserted and
intravenous antibiotics administered for several weeks.

Ouicome

Mortality rates for early-onset pnevmonia are influenced
by the identity of the pathogen and whether the infection
is confined to the lung or disseminated. In the late 1970s,
early-onset sepsis and pneumonia with GBS had a mor-
tality rate of approximately 50 percent,”” rising to 100
percent for VLBW infants.”'® Results have improved
since then. The overall mortality rate for early-onset dis-
ease ts now 15 percent or less.*™* For mature babies,
the mortality should now be less than 10 percent, %45
but low birthweight babies do less well, with reported
mortality rates of 27 percent* to 50 percent.**
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GBS pneumonia

There are seven identifiable subtypes of GBS based on
capsular polysaccharide antigens — [a, Ib, II, IIL IV, V, VI
and one non-typable group, All are implicated in early-
onset pneumonia but most neonatal infections are caused
by types [, Il and III. Simultaneous infection with more
than one serotype has been reported.'’ In addition to the
polysaccharide antigens, there are surface-exposed protein
antigens which may also contribute to the pathogenicity
of particular strains,™ although tissue invasiveness seems
unrelated to known surface antigens.*”® The incidence
of early-onset GBS sepsis is 1.8 per 1000 live births in
the USA,% 1,75 per 1000 in Canada,’® 1.3 per 1000 in
Australia,2'® 1.2 per 1000 in Spain,™ and 0.76 per 1000
in Finland.* In the UK, reported incidences ranged from
0.3 to 1 per 1000.223279350 More recently, reported inci-
denices show regional variation, from 1.15 culfure-proven
cases of early-onset GBS sepsis per 1000 live births in
Bedfordshire* to 0.5 per 1000 in Oxford.*"' From time to
time, major outbreaks are reported during which the
incidence may be as high as 14 per 1000 live births.>

The two major factors influencing the prevalence of
GBS sepsis are vaginal carriage rates among pregnant
women and the effectiveness of strategies to prevent con-
tamination of the infant at birth. During the last 5 years,
vaginal and rectal carriage rates have been variously
reported as 18.5 percent,'™ 12 percent,”” 16.3 per-
cent,! 23 percent’® and 7.1 percent.?™ The lowest rates
are reported from European centers and this is mirrored
i the lower reported incidence of early-onset GBS sepsis
m Europe compared with the USA.

CLINICAL PICTURE

Most cases of GBS pnetmonia develop within the first
4—6 hours and almost 90 percent of cases present within
24 hours of birth,"""*? Pneumonia may complicate
bacteremia, but can occur without bacteremia in about
30 percent of cases.'®” GBS sepsis may masquerade as
severe birth asphyxia,?®®**# or present immediately after
resuscitation with respiratory failure, cyanosis and
shock. More often, the infant presents with the carly
signs of sepsis. Without prompt recognition and treat-
ment, the infant’s condition rapidly worsens and they
require intubation and ventilation for apnea and severe
hypoxemia, often demonstrating the cardiorespiratory
features of persisient pulmonary hypertension of the
newborn. Hypotension, metabolic acidemia, tachycardia
and poor peripheral perfusion develop in severe cases
and then the prognosis is poor.”

PATHOPHYSIOLOGY

The hypotension, hypoxemia and lung injury which
characterize early-onset GBS sepsis in the newborn are
very reminiscent of the septic shock syndrome caused by
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the endotoxin of Gram-negative organisms. Gram-negative
endotoxin exerts its effects mainly by stimulating the
release of cytokines, such as TNF-o, interlenkin-1 A7 and
interleukin-6 from antigen-presenting cells, including
macrophages and monocytes. TNF-w causes progressive
hypotension, decreased cardiac output, hypoxernia and
lung injury when infused directly into animals. TNF-a
can be detected in the serum and urine of infants with
GRS sepsis {but not from healthy controls) and in the
laboratory, heat-killed, washed GBS can induce the pro-
duction of TNF-a from monocytes and macrophages. >
Interestingly, mixed mononuclear cells from neonates
produced significantly more TNF-¢ in response to GBS
than cells from adults.*** The celiular component of GBS
responsible for TNF-a release is not vet identified, but
seems not to be the polysaccharide surface antigen. These
observations could shed fresh light on the pathophysiol-
ogy of GBS sepsis and may lead to novel immunological
therapies, such as antibodies directed against TNF-q.

Pulmonary hypertension with hypoxemia secondary
to right-to-left shunting is a relatively common feature.
In the case of GBS, pulmonary hypertension has been
shown to relate to an ability to invade pulonary
endothelial cells,'? especially the cells of the microvascu-
lature, and lead to the release of the eicosanoids, such as
prostacyclin and PGE,,'*'*"* and leukotrienes.””® In ani-
mals, injection of heat-killed GBS causes dose-dependent
increases in pulmonary arterial pressure and pulmonary
and systemic vascular resistance, and decreases in cardiac
output and heart rate. The quantitative response of the
pulmonary vascular resistance is strain-dependent, with
serotype Ib having a greater effect than serotype 1117
Infection with different strains might go some way
towards explaining different severities of illness.

Host defenses against GBS include polymorphonuclear
leukocytes, complement and ftype-specific antibodies
directed against the polysaccharide and protein antigens.
An infant is most susceptible to GBS when his mother,
although having GBS in her vagina, has little or no cir-
culating anti-GBS 1gG.>*4*> This is particularly likely if
the infant is born prematurely.!> A concentration of IgG
specific antibody of greater than 2 pg/mi in the serum of
newborns seems protective.'* Neonatal white blood cells
find it difficult to kill the organism™® and, if antibody is
present, GBS antigen causes neutrophil aggregation in the
lung with the consequent release of a multiplicity of
cytokines which further contribute to tissue injury.”!

HISTOLOGY

There are no specific features though many infants have
alveolar hyaline membranes, as well as pneumonia.'*
In the preterm infant, surfactant-deficient RDS may
coexist,” but in term infants the hyaline membranes
are a non-specific change caused by GBS toxicity.*
The presence of hyaline membranes may in the past, in
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the absence of adequate bacteriological investigation,
have resulted in many deaths due to GBS or other similar
infections being attributed to surfactant-deficient RDS.

INVESTIGATION

The treatment of suspected early-onset pneumonia
should not be delayed pending the resulis of investiga-
tions. The objective of performing investigations is to
provide retrospective confirmation of the diagnosis and
to identify the responsible organism.

Microhiological

The blood culture will almost invariably be positive, if
the mother has not been treated with antibiotics. GBS is
easy to culture and will usually grow from most surface
swabs and from the gastric aspirate {which often con-
tains numercus Gram-positive cocci}. GBS antigen can
be identified by latex particle agglutination tests on the
infant’s serum and concentrated urine.'***** In a multi-
center study evaluating the latex particle agglutination
test on urine samples from infants with culture-proven
GBS, only 53.5 percent of infected infants had a positive
test.*® The organism is invariably present in the mother’s
high vaginal swab, and new techniques may enable rapid
detection of the organism in this site when the mother is
admitted in labor.*® The specificity of these tests appears
to be good, but their sensitivity is relatively poor.!™

Hematological

Neutropenia and the presence of primitive cells in
the peripheral blood are common®-*"? and neutro-
penia <1.5 X% 10%1is an ominous sign.**’ The sensitivity,
specificity and predictive values of hematological vari-
ables, however, in the diagnhosis of early-onset sepsis is
poor.'"!% Anemia and thrombocytopenia may develop
in survivors. Acute-phase reactants such as the C-reactive
protein are generally highly elevated in GBS sepsis, but
there may be a delay of 12 hours or so between the onset
of signs and the rise in CRP.*'

Radiological

The chest radiograph may be virtually normal or show
widespread homogeneous opacity in those with coexist-
ing RDS" and is rarely helpful in differential diagnosis
{Figures 21.4-21.6). Pleural effusions may occur.®73%

TREATMENT

Intravencus antibiotics, at the high end of the recom-
mended dose range, must be started immediately the
diagnosis is suspected. A combination of ampicillin
or benzylpenicillin and gentamicin is a good choice for
blind treatment of early-onset pneumonia in the new-
born, because of synergism between these antibiotics
against GBS,*"**8 and because it is necessary to cover other
organisins responsible for the syndrome. A cephalosporin
alone is unsatisfactory initial therapy for early-onset sepsis
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Figure 21.4 GBS pneumonia indistinguishable from ROS.

Figure 21.5 GBS preumonia. A widespread consalidation
pattern without specific diagnostic features.

as it will not treat L. monocytogenes or enterococcl. Intra-
venous antibioties should be given for 10 days. GBS is very
sensitive to penicillin with most isolates having a minimal
inhibitory concentration of less than 0.06 pg/ml.
Exchange transfusions using blood from a donor
with anti-GBS antibodies have been considered help-
ful 2113560431 Tnfugions of immunoglobulins have been
advocated and are used by some clinicians as supple-
mentary therapy. Tbe published evidence relating to the
benefits of immunoglobulin infusions in the treatment
of early-onset neonatal sepsis is fairly persuasive but is
based mainly on small studies which are not amenable
to meta-analysis, because of significant differences in study
design and evaluation criteria ****8 The immunological
activity of standard immunoglobulin preparations is
highly variable.'®* Specially prepared GBS-hyperiminune
globulin will produce higher antibody titers and such a
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Figure 21.6 Lobar preumonia uncommonly due to GBS.

product has been effective in the experimental animal, "
Immunoglobulin infusions, however, may increase the
risk of white cells aggregating in the lungs and they
should be used cautiously. ™

Studies of GBS disease in experimental animals have
shown a halving of mortality rate with the use of recombi-
nant human granulocyte-macrophage colony-stimulating
factor as adjunctive therapy.' There is some evidence of
surfactant deficiency or dysfunction in animal models of
infective pneumonia and there may be a role for surfac-
tant therapy. There are few studies examining the efficacy
of surfactant in neonatal pneumonia,'’® but benefit has
been reported.?®

PREVENTING GBS PNEUMONIA

Maternal prophylaxis

Approximately 1 percent of infants born vaginally
to mothers who carry GBS at the time of birth become
infected. Important predisposing factors are: evidence
of choricamnionitis such as maternal pyrexia, pro-
longed labor, prolonged rupture of the membranes,
frequent pelvic examinations in labor and low birth-
weight >R85 One or more of these predisposing
factors is present in 82 percent of cases of early-onset
neonatal GBS sepsis and pnewnonia.'*

The main approach to preventing vertical trans-
mission is intrapartum antibiotic prophylaxis, given to
wormnen who have been shown to carry GBS on screening
during pregnancy and/or have obstetric risk factors.*%
Many individual studies have reported significant benefits
of this policy with regard to reducing neonatal coloniza-
tion and infection, *»*273#417 although this finding has
not been universal?' A ineta-analysis of all published,
randomized controlled trials up to 1994 concluded that,
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although there was convincing evidence of a reduction in
neonatal colonization with GBS, there was no demon-
strated significant reduction in the incidence of serious
maternal or nconatal outcome.*'® The observation that the
use of antibiotics to prevent neonatal GBS infection can be
associated with serious neonatal infection with resistant
Enterobacteriaceae is of concern.”® On the balance of the
existing evidence, it seems advisable to use maternal
antibiotic prophylaxis in an attempt to prevent neonatal
infection and the American Academy of Pediatrics has rec-
ommended two possible approaches.’? One approach is to
screen all pregnant women for GBS at 35-37 weeks of ges-
tation and to give intrapartum penicillin or ampicillin to
all who screen positive regardless of other risk factors. The
second approach is not to screen, but to give intrapartum
antibiotics to all women with a risk factor. Risk factors
include a previous infant with GBS disease, GBS bacteri-
uria during pregnancy, preterm labor, ruptured mem-
branes for more than 18 hours prior to delivery and
mtrapartum fever. Cost-beneht analyses have suggested
that a risk-factor approach should be implemented at an
incidence of greater than 0.6 per 1000 and a screening
program at an incidence of greater than 0.2 per 1000.2"

Management of premature rupture of the
membranes'®2%"
Ouce the amnion ruptures, the amniotic cavity and the
fetus become accessible to microorganisins present in the
vagina. The likelihood of such ascending infection
increases with time. When the membranes rupture prior
to the onset of labor (PROM), the interval between
membrane rupture and the birth of the infant may be
prolonged. When the immembranes rupture at less than 37
weeks of gestation (preterm, prenature rupture of the
membranes, PPROM), an even greater interval between
membrane rupture and birth often occurs. The evidence
concerning the risk of neonatal sepsis following prema-
ture rupture of the membranes at term is conflicting.
Some studies suggest relatively little increased risk,?*
while athers show a high risk and a high mortality.!”
Meconium staining of the liquor increases the rtisk of
intra-amniotic infection.” A randomized controlled
trial of the management of PROM at term has recently
been concluded and shows no benefit in terms of neo-
natal sepsis of induction of labor over expectant manage-
ment for up to 4 days.'"™ The overall rate of neonatal
sepsis in this study was approximately 2-3 percent,
PPROM carries a significant risk of sepsis and
pneumonia,?’ 6004258263429 Jhhough when membrane
rupture occurs before 28 weeks of gestation pulmonary
hypoplasia is probably the greater threat to survival
(p.450).** The risk of neonatal sepsis following PPROM
has been reported to be about 3.5 times the risk without
PPROM.*® The risk can be reduced by prompt delivery
following membrane rupture but this has to be balanced
against the risk of premature birth. There have been no

satisfactory randomized trials comparing different
delivery strategies following PPROM.

There have been numerous studies examining the
value of prophylactic antibiotics in preterm labor, with
or without ruptured membranes, but the results have
often been inconclusive because of small sample
sizes. 121122128:283.290 The Jargest study to date of the effect
of maternal antibiotics for preterm, prelabor rupture
of the membranes is the ORACLE I trial.”® ORACLE
did not look specifically at pneumonia as an outcome
measure, but infants whose mothers were treated with
erythromycin had a lower rate of positive blood cultures,
less need for surfactant and a lower rate of oxygen
dependency at 28 days of age than those whose mothers
received placebo. There was also evidence of prolonga-
tion of pregnancy, confirming a previous finding.'® In
the ORACLE trial, there was no increased rate of neo-
natal sepsis and pneuwmonia with resistant organisms,
such as E. coli, as has been reported elsewhere.?*

Neonatal prophylaxis

Administration of prophylactic antibiotics to asympto-
matic infants considered to be at risk of GBS sepsis is
a controversial issue. Some studies have shown that giv-
ing prophylactic penicillin to all infants®#3 or just those
of birthweight less than 2kg®® will cause a significant
reduction in the incidence of GBS sepsis, but others have
failed to demonstrate this benefit.*"® Administration of
prophylactic penicillin to all infants is not justified, but
giving penicillin to asymptomatic infants of women who
have grown GBS from vaginal swabs, but have not them-
selves received appropriate antibiotics, is a commeon and
appropriate practice,

Escherichia coli
Escherichia coli (E. coli) is the second commaonest cause
of early neonatal sepsis. Pneumonia arises as a result
of hematogenous spread. Approximately 40 percent of
E. coli strains causing early-onset sepsis and meningitis
possess the capsule type K1.*7' The K1 polysaccharide
capsule is an important virulence factor which confers
antiphagocytic properties and resistance of complement
mediated killing. Pregnancy is associated with increased
carriage of K1 strains, which are then vertically trans-
mitted.””" Ampicillin resistance in community-acquired
E. coli infections is seen in approximately 40 percent of
isolates. Third-generation cephalosporins, cefotaxamine
and cefiriaxone, are used for E. coli sepsis.

Streptococcus pneumoniae

The pneumococcus accounts for about 5 percent of
early-onset neonatal pneumonia.*® It is the commonest
cause of childhood pneumonia outside of the neonatal
period.'® Unlike GBS, the pneumococcus cannot be
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regarded as part of the normal vaginal flora and pro-
longed rupture of the membranes is a less common fea-
ture of early-onset pneumococcal pneumonia than it is
with other causes of early-onset disease.'® There is also
a higher mortality rate when the membranes have been
ruptured for less than 24 hours, than there is with more
prolonged membrane rupture~delivery intervals. These
observations suggest that the pathogenesis of early-onset
pneumococcal pneumonia may differ from that of other
bacteria, The majority of cases present as a fulminant
systemic illness within a few hours of birth. Typically,
both lungs are diffusely involved, with radiological fea-
tures indistinguishable from RDS. The lobar distribution
typical of pneumococcal infections in older children and
adults is not described. The mortality rate has been
reported to be high,'*'*® but there are no recent data.

Haemophilus influenzae

PATHOGENESIS

Haemoephilus influenzae, especially the non-capsulate,
non-serotypable strains, has an affinity for the female
genital tract and is responsible for almost 10 percent of
early-onset pneumonia.®*® This organism is the third
most common cause of carly-onset pneumonia, after
GBS and E. c0li.?*> The incidence of neonatal H. influen-
zae infection was reported to be 4.6 per 100000 births
in the Oxford region.'* The same obstetric risk factors
operate as for GBS and a recent study of early-onset
H. influenzae sepsis reported preterm labor in 92 per-
cent of cases, PROM for longer than 12 hours in 63 per-
cent, maternal fever in 64 percent, choricamnionitis in
43 percent and vaginal discharge in 44 percent.™™ In
comparison with GBS, the rate of vaginal carriage of
H. influenzae is low, but the risk of invasive disease in col-
onized infants is much greater, at around 50 pei‘cent,?“

CLINICAL SIGNS

Most infants present immediately after birth, with respi-
ratory distress due to pneumonia, which is clinically and
radiclogically indistinguishable from RDS or pneumo-
nia caused by other bacteria. Meningitis and conjunctivi-
tis are relatively common. The reported mortality rate is
approximately 50 percent.®® Most H. influenzae causing
early-onset pneumonia in newborn infants in the UK are
currently sensitive to ampicillin. Ampicillin resistance,
however, is emerging and cefotaxime should be added
when there is reason to suspect H. influenzae sepsis.

Listeria monocytogenes
INCIDENCE

Eatly-ouset neonatal sepsis with L. inenocytegenes occurred
in 23.3 cases per 100000 livebirths in Denmark in 1986.'"

Laboratory proven cases of pregnancy associated listeriosis
in England and Wales increased markedly in the late
1980s. Following a national campaign to increase aware-
ness amongst pregnant women and food producers, the
number of cases has fallen from 86 per year during
1985-1989 to 18 per year during 1995-1999.3

PATHOGENESIS

L. monocytogenes is a short Gram-positive rod which can
be found both inside and outside cells. The most impor-
tant reservoir for transmission to humans is probably
food, especially dairy products, contaminated by infected
farm animals."””"*® Almost half of all documented infec-
tions occur in pregnant women,>>> Women infected with
HIV are considerably more susceptible to L. meonocyto-
genes than the general population.'*® Newborn infants
are particularly susceptibie to infection by L. monecyte-
genes for a variety of immunological reasons, including
defects in macrophage response’® and low opsonic
activity.”®!*! Ar least two-thirds of infants who acquire
listeria infection intrapartum are preterm and almost all
become ill within 24 hours of birth.'*2%

CLINICAL SIGNS

L. monocytegenes causes a non-specific influenzal or
gastroenteritic illness in pregnant women, during which the
organism may infect the fetus, either by hematogenous
spread across the placenta or via infection of the amniotic
fluid. First- or second-trimester infection can cause fetal
death or miscarriage. Recurrent abortion due to listeria
has been recorded in humans.'”® Later in pregnancy,
infection can precipitate preterm labor,'™ with fetal
distress and meconium staining of the liquor.*®" Since
ineconiwm staining of the liquor is rare at gestations
below 34 weeks, its presence should raise the suspicion of
bacterial infection. Congenitally infected babies are often
extremely ill at birth. They have a severe pneumonia and
hepatomegaly; meningitis may alveady be present. Blood
and stool cultures are invariably positive. Characteristi-
cally, small {2-3 mm) pinkish-grey cutaneous granulomas
are present and, at autopsy, similar small granulomatous
lesions are widespread in lung, liver, CNS and many
other organs. The mortality rate recently reported from a
UK center is about 15 percent.>?

INVESTIGATIONS

The vast majority of babies with early-onset infection
caused by L. monacytegenes have pneumonia as a promi-
nent feature. The radiological features may mimic RDS,
but in some cases a much coarser pattern of inhltration is
seen, reminiscent of meconium aspiration pneumonia.
Diarrhea and an erythematous skin rash may occur. The
routine investigations of early-onset sepsis and menin-
gitis reveal the diagnosis. The organism can be isolated
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from the first meconium passed. Listeria, however, can
pose problems for the microbiologist since its take-up of
the Gram stain can be variable and it may be slow growing.

MANAGEMENT

The most effective antibiotic therapy is ampicillin plus
gentamicin and in units where listeria is a common
pathogen this combination should be considered as the
routine treatment for early-onset sepsis. Listeria is resist-
ant to all third-generation cephalosporins. Extracorpo-
real membrane oxygenation (ECMO)} has been used
successfully in the treatment of severe, early-onset
preumonia caused by L. monocytogenes. ™

LATE-ONSET PNEUMONIA

Most neonatal pulmonary infections which begin more
than 48 hours after birth are caused by organisms
acquired from the postnatal environment rather than
transplacentally or from the birth canal. The vast major-
ity of cases of late-onset ppeumonia on a necnatal inten-
sive care unit occur in preterm infants, especially those
who are on ventilatory support.*** Late-onset pneumo-
nia is rare in infants born at term.

Among hospitalized infants, the commonest bacteria
causing late-onset pheumonia are Gram-negative bacilli
{such as Kiebsiella spp., E. coli, Serratia marcescens,
Pseudomonas spp. and Proteus spp.), coagulase-negative
staphylococci and Staphylococcus aureus.”” Unusual bac-
terial causes of nosocomial neonatal preumonia include
Legionella pneumophila.”>V7%?8267 Several viral agents

have also been implicated, including RSV,"*2* influenza
p > B
virus, -8

76,425 enfero-
3

184

parainfluenza virus,? rhinovirus,
3 coronavirus,?® CMV and varicella zoster virus.
Among very immature infants, nosocomial fungal infec-
tions are a significant problemn.”®

Int the community, neonatal bacterial pneumonia is
fairly unusual, although pertussis™* and late-presenting,
perinatally acquired chlamnydial infections''**% can occur.

Viral infections acquired from household members are
2

virus,

relatively cornmon and may progress to pneumonia.
Important causes are influenza A,”#?? RSV,*® parainflu-

enza,®3 enterovirus,''” adenovirus and rhinovirus.

Epidemiology of nosocomial infection

The important reservoirs of microorganisms involved
in late-onset pneumnonia are people, including the
infant’s own skin and gastrointestinal tract, other infants,
hospital staff and visitors. Colonization of the skin and
aerodigestive tract in the normal neonate begins within
24 hours of birth with organisms derived from the
genifal tract, skin and oropharynx of the mother
Skin colonization with coagulase-negative staphylococei
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(particularly Staphylococcus epidermidis) begins round
the umbilicus and nose. The oropharynx is colonized by
a-hemolytic streptococcl, Escherichia coli, enterococci,
lactobacilli and Bifidobacterium species colonize the
gastrointestinal tract. Colenization of the nose, throat,
umbilicus and gut of neonates admitted to neonatal
intensive care units is delayed, even beyond 3 days after
birth, and the colonization is abnormal.'®® Stool colo-
nization with nosocomial Gram-negative bacilli, partic-
ularly species of Klebsiella, Enterobacter and Citrobacter,
has been reported to occur in more than 50 percent of
infants. Increased rates of throat and surface coloniza-
tion with these organisms were also noted. Antibiotic
therapy for more than 3 days was significantly associated
with acquisition of carriage. An inverse relationship
between the number of days of antibiotic therapy and
number of microbial species present in the stool of
infants with a birthweight of less than 1000g and a sig-
nificant positive effect of breast milk on the diversity of
gut fllora have been observed.’® The inhibitory effect of
the presence of a-hemolytic streptococci on oral cole-
nization on methicillin-resistant Staphylococcus aureus
(MRSA) has been described in 2 unit with endemic
MRSA.1"? Failnre to establish a diverse microflora ren-
ders neonates requiring intensive care vunerable to colo-
nization and thus infection from organisms derived from
the hospital environment via the hands of healthcare
workers or contaminated equipment. Infected family
members of healthcare staff may transmit viruses by
aerosols or fomites. Bordetella pertussis infection has
been transinitted to neonates of non-immune mothers
from pon-immunized siblings. Rarely, the source is the
physical environment. QOccasionally, a specific contami-
nated source is discovered, for example mineral oil con-
taining Listeria sp.””’ or parenteral nuttition solutions
containing Acinetobacter sp.*%

Modern methods of identifying specific strains of
bacteria are proving useful in understanding the ecology
of nosocomial pathogens, a step which is essential if the
increasing rates of nosocomial infection and antibiotic
resistance on the NICU are to be controlled,!>*18257.326
There is a strong relationship between prematurity and
low Dirthweight and the risk of late-onset preumo-
nia A7 L2970 1n 1o studies of infants on
NICUs, rates of nosocomial infection amongst those
weighing less than 1000 g have been reported to be 44.4
and 22,6 percent and amongst those weighing more than
2000g to be 10.1 and 0.6 percent, respectively.'®2!?
These figures reflect the inherent susceptibility of such
infants to infection,” but also are strongly influenced by
factors in the NICU environment, such as the adverse
microbiological ecology and the use of medical devices.
Many studies have demonstrated a strong positive corre-
lation between the rate of nosocomial infection and use,
and duration of use, of ventilators, lines for central vas-
cular access, intravenous fat emulsions and implanted
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shunts for hydrocephalug 772 142148.152,155,336357  The

importance of exposure to these risk factors has been
illustrated by the finding of a positive association between
the rate of nosocomial infection and the overall average
duration of stay on the NICU,'® as well as the individual
duration of stay on the NICU."”! These findings show the
importance of correcting for average duration of admis-
sion when making inter-hospital comparisons of nosoco-
mial infection rates. Pneumnonia developing more than
48 hours after birth 15 commonest among preterm infants
who are being ventilated. Pneumonia in ventilated infants
can occur secondary to septicemia or secondary to colo-
nization of the endotracheal tube. In contrast to early-
onset cases, blood cultures are negative in most instances
of late-onset pneumonia.

Microhiology

COAGULASE-NEGATIVE STAPHYLOCOCCI

Coagulase-negative staphylocooci, particularly Staphylo-
coccus- epidermidis, have emerged as the commonest
cause of nosocomial bloodstream infection in neonates,
causing more than 50 percent of episodes in many
series. >4 Intravascular catheters are well recog-
nized risk factors for nosocomial infection with these
organisms®™® and pneumonia may arise from hematog-
enous dissemination. Coagulase-negative staphylococci
were the commonest cause of late-onset bacteremic
pneumnonia in one series, causing 57 percent of cases.™*
Nosocomial strains are often resistant to multiple antibi-
otics, including methicillin, Molecular typing of strains
tsolated from ventilated neonates has demonstrated that
clonal dissemination does occur, suggesting that adher-
ence to infection control procedures may be helpful.'**

STAPHYLOCOCCUS AUREUS

Staphylococcus aureus colonization is acquired at birth or
via the hands of personnel and family. It was reported to
be the cause of 44 percent of nosocomial pneumonia
cases, but only infants with positive respiratory cultures
were considered.®® Phage typing demonstrated multiple
strains, 2% MRSA, which causes the same spectrum of
infection as sensitive Staphylococcus aureus, has become
endemic in some units, although most will see sporadic
cases.

ENTEROBACTERIACEAE

Neonatal gut colonization with members of the
Enterobacteriaceae 1s the major source of nosocomial
infection with these organisms. Quibreaks of invasive
infection caused by strains of Kiebsiella prneumoniae har-
boring plasmids encoding for extended spectrum-based
lactarnases (conferring resistance to third-generation
cephalosporins) have been frequently reported.'"™?

289

Resistance to gentamicin is comumon in these strains.
Escherichia coli and Enterobacter species are also com-
mon isolates,'> Enterobacter species possess a chromoso-
mal [3-lactamase which is not usually expressed (as do
Citrobacter and Serratia species). Selective pressure from
use of third-generation cephalosporins can lead to the
emergence of stably depressed mutants (resistant fo all
{3-lactams with the exception of the carbapenems) in
hospital settings.'%!%

PSEUDOMONAS AERUGINQSA

Pseudomonas aeruginosa thrives in moist environments
and colonization of ventilated infants has been widely
documented.”"1>1217 Jt is an uncommon cause of noso-
comial infection, but outbreaks have been linked to
environmental sources and hand colonization.!**1%!
Infection is associated with significant morbidity and
mortality. In one series, the mortality of bacteremic
pneumonia was 87 percent.”!

CANDIDA SPECIES

Invasive infections with Candida albicans and other
species, particularly Candida parapsilosis, are described
increasingly in neonates requiring intensive care. An
incidence of 12.3 per 1000 admissions has been reported,
with marked variation between units.™” Intravascular
lines and lipid-rich parenteral nutrition are risk factors,
but more important is exposure to prolonged antibiotics,
particularly third-generation cephalosporins.”®*** Pnen-
maonia arises as a result of blood-borne spread in dissem-
inated infection.

VIRUSES

Nosocomial infection with RSV, rhinoviruses, aden-
oviruses, influenza and parainfluenza viruses and
enteroviruses reflect high levels of infection in the com-
munity, although sporadic cases are reported.*®! Neonatal
adenovirus infection is often disseminated and fatal.?

Clinical features

In an infant with primary lung disease already on a
ventilator, pneumonia presents with deteriorating lung
function and non-specific signs of infection. An increase
in endotracheal tube aspirate suggests infection, but
can be confused with the bronchorrhea seen in BPD
{p. 405). Localized and generalized crepitations may be
heard. Initial symptoms may be those of an unspecified
respiratory tract infection (URTI} accompanied by a low-
grade pyrexia. #2742 Mare severe viral pneumonia,
however, can also occur at any time in the neonatal
period and adenoviruses and coronaviruses are often
responsible 7733433
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Investigation

A possible routine surveillance strategy is to perform
routine, twice-weekly, CRP estimations on all ventilated
infants and to undertake a chest radiograph, blood cultures
and culture of respiratory secretions in any infant whose
ventilatory requirement increases significantly or who
develops a raised CRP. Interpretation of the results of
tracheal secretion cultures, however, poses difficulties
{p. 73). Microorganisms recovered from the upper airway
may be those causing lower respiratory tract infection. This
has been shown in the case of coagulase-negative staphylo-
cocci, using ribotyping techniques,®® and with Candida
spp-** The results of cultures of respiratory secretions
should, therefore, be used to inform the choice of anti-
microbial agents for suspected pulmonary infection, It is,
however, naive to base the diagnosis of pulmonary infec-
tion solely on the resuits of culture of respiratory secre-
tions, as illustrated hy a recent study comparing tracheal
aspirate cultures from infants showing signs of respiratory
deterioration with cultures from babies who were stable.
No significant difference was found in the rate of positive
cultures for bacteria, viruses, chlamydia or ureaplasmas.
Cultures were positive in about one-third of the infants in
each group.*'! Other studies, however, have reported that
culturing respiratory secretions has clinical value'?%1-%82
and it has been suggested that using a bronchial brush
technique may give better results.?® In older infants, viral
cultures and immunefluorescence studies for mycoplasma,
chiamydia and respiratory viruses are indicated.

Management
The choice of initial antibiotic therapy for late-onset
neonatal pneumeonia is difficult, because the list of poten-
tial pathogens is long. 1t is important to cover coagulase-
negative staphylococci. Unless local knowledge suggests
otherwise, a third-generation cephalosporin plus vanco-
mycin is a good choice. Therapy should sub