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Chapter 2

Abstract

Studying the transition from placental to pulmonary gas exchange has always been an
intriguing and difficult challenge. Lung liquid is partly cleared before and during labour, but
residual liquid must be cleared after birth. Where the liquid goes at the moment air is drawn
intothelungsisunclear, butrecent evidenceindicates thatitis transiently retained within the
interstitial tissue causing chest wall expansion. Studies on the breathing pattern of infants
immediately after birth indicate that “gas trapping”is important. The first breaths of air after
birth are characterized by a quick inspiration, followed by constriction of the larynx which
holds gas within the lungs with a positive intrathoracic pressure. This is followed by a short
active expiration through a narrowed larynx with an immediate inspiration. To overcome
frictional resistance of the airway liquid and surface tension at the air-liquid interface, a
trans-pulmonary “opening” pressure is required during manual inflation. This appears to be
less when infants breathe spontaneously than during a manual inflation. How very preterm
infants with poor respiratory muscle strength, surfactant deficiency, compliant chest walls
and impaired lung liquid clearance, defend their lung gas volumes immediately after birth
is poorly understood. This review discusses the available knowledge about the first breath
of air and the breathing pattern adopted by infants at birth.

20



From liquid to air: breathing after birth

Introduction

The first breaths following birth are characterized by a rapid transition from liquid to air-
filled lungs. Air is drawn into the lung during inspiration and some remains at end expira-
tion to establish an end-expiratory gas volume or functional residual capacity (FRC). This
is usually marked by a cry, often misinterpreted as a protest from the baby. Some infants,
especially those born preterm, require respiratory support during this transitional phase. To
do this effectively, we need to understand the normal physiological processes occurring at
this time.

Sometimes it can be difficult to aerate the lungs of preterm infants with intermittent positive
pressure ventilation (IPPV) using pressures recommended in international guidelines, par-
ticularly when the infant does not breathe and aeration is completely dependent on the
inflation pressures. Studies have shown that IPPV should be performed without high tidal
volumes to avoid damaging the lung whilst establishing the FRC (1;2). However, since the
use of antenatal steroids, more very preterm infants breathe spontaneously at birth, only
requiring support from nasal continuous positive airway pressure (NCPAP).

Understanding the normal spontaneous breathing pattern after birth is essential for devel-
oping safe, efficient ventilatory strategies when breathing is inadequate. Numerous physio-
logical studies of spontaneously breathing infants, immediately after birth, were published
between 1960 and 1986 (3-10). However, little new data are currently available on this topic,
reflecting the difficulties of performing these studies at birth. This review will discuss what
happens during the first breaths of air with the emphasis on where the liquid goes and the
current knowledge about the spontaneous breathing pattern adopted by infants immedi-
ately after birth.

Clearing Lung Liquid

In utero the lungs are filled with a liquid that is secreted by the lung epithelium.The volume
of liquid in the lung before birth is controversial, but the available evidence indicates that it
is greater than the FRC measured soon after birth (11). The high prenatal lung volume is due
to adduction of the glottis restricting lung liquid efflux promoting its accumulation within
the airways and increasing lung expansion. The high degree of lung expansion provides an
essential physiological stimulus for fetal lung development (12).

Although the precise mechanisms for airway liquid clearance at birth are unclear, the
process starts just before or with the onset of labour (13). It is well established that limited
intra-uterine space (as occurs during labour), impose changes in fetal posture that alter
fetal chest wall configuration, increase transpulmonary pressure and lead to the loss of
large volumes of liquid from the lung (14). In addition, a large release of fetal adrenaline
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Chapter 2

occurs late in labor, which stimulates pulmonary epithelial cells to stop secreting and start
reabsorbing lung liquid due to the activation of luminal surface sodium channels (15;16).
Many studies have focused on the role of epithelial sodium channels in lung liquid reabsorp-
tion and they have been the subject of several reviews (16-19). At birth the pulmonary epi-
thelium switches from facilitated ClI secretion to active Na* reabsorption with the opening
of amiloride-sensitive Na* channels on the apical surface. This is thought to reverse liquid
movement across the pulmonary epithelium, promoting liquid uptake from the airways
into the interstitium (20). Diminished activity or immaturity of this process may reduce the
adaptation of the newborn lung to air breathing contributing to wet lung syndrome and
hyaline membrane disease (17;18). However, the specific role of Na channel activation in
lung liquid reabsorption at birth is still unclear. In animal studies the blockade of epithelial
Na* channels with amiloride and selective inhibition of B adrenergic receptors (proposed
mechanism for Na* channel activation) reduces or delays, but does not prevent lung liquid
clearance at birth (21). Similarly, although deletion of the gene encoding aENaC (but not
BENaC or YENaC) impairs lung liquid clearance, as indicated by high lung water contents,
the aENaC -/- neonates must establish some pulmonary gas exchange as they survive for up
to 40 h after birth (22). Recent commentaries have highlighted the considerable evidence
supporting a role for Na* uptake in alveolar fluid clearance, particularly under stimulated
conditions, and the role of glucocortioids, catecholamines and oxygen in regulating the
activity of this uptake.(18) But it has also been noted that additional mechanisms, that are
independent of amiloride sensitive Na* uptake, are likely to be involved (18).

Mechanical forces aid lung liquid clearance during labour. In 1917, Warnekros used x-rays
to show that the thorax is compressed and stretched as the fetus is forced through the
distal part of the birth canal (23).1n 1962, Borell and Fernstrom concluded that compression
of the thorax and abdomen during birth must reduce lung volume and cause lung liquid
expulsion (24). Between 1935 and 1956 German textbooks stated that as the respiratory
tract is suddenly exposed at birth to the lower pressure outside the uterus, a jet of liquid
is forced from the nose and mouth (25). Measurements during delivery indicated that 25-
33% of lung liquid could be expelled in this way (26;27). Vyas et al, measured intra-thoracic
pressures during birth and found the maximum pressure averaged 145 cm H,O (range 88
to 265 cm H,0), but failed to show any loss of lung liquid. However, they reported liquid
escaped from the mouth before they could place a mask on the infant’s face (9). They also
compared infants born by elective caesarean section and vaginal delivery and found the
esophageal pressure changes were halved during caesarean section. Furthermore, although
the initial inspiratory volumes recorded in the two groups were similar, significantly fewer
infants born by caesarean section retained air at the end of their first breath. This may reflect
greater liquid retention within a lung of an infant born by caesarean section that had not
been exposed to labour, thereby limiting the entry of air into the lower airways (7).
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Most early studies suggested that “vaginal squeeze” during the progression of the chest
through the birth canal was the predominant mechanical factor influencing lung liquid
loss at birth. However, uterine contractions during labour impose fetal postural changes,
leading to compression of the thorax, that could account for the high intra-thoracic
pressures measured previously (9), causing expulsion of lung liquid early in labour. Indeed,
large volumes of lung liquid can be lost shortly after the first signs of labor, before the onset
of second stage (13).

Whatever the mechanism for removal of liquid from the airways before birth, liquid still fills
the airways after birth until the infant takes its first breath. A recent study used phase contrast
X-ray imaging to observe the rate and spatial pattern of lung aeration at birth in rabbit pups
delivered by caesarean section (28). They demonstrated that the distal movement of the
air/liquid interface only occurred during inspiration, indicating that the transpulmonary
pressure generated by inspiratory efforts also plays a critical role in airway liquid clearance.
They also noted that thoracic volume increased during lung aeration indicating that the
gas volume of the lung increased faster than the liquid could be cleared from the thorax.
They concluded that the transpulmonary pressure gradient during inspiration promoted
the movement of liquid into the interstitial tissue compartment from which it was gradually
cleared, probably by the pulmonary circulation and lymphatics. This suggestion is consis-
tent with the finding that interstitial tissue pressures transiently increase at birth (29) and
accounts for the increase in thoracic lymph flow observed in immature and term fetal sheep
after the initiation of ventilation (30;31).

Creating and sustaining an end-expiratory gas volume (FRC)

The normal FRC of about 30 ml/kg body weight is usually achieved within hours of birth
(32), taking 2-3 hours in vaginally delivered term infants and 5-6 hours in infants delivered
by caesarean section (33;34). Many explanations of how air enters the lungs at birth have
been suggested. In 1901, Olshausen suggested that thoracic recoil, caused by passive
expansion of the chest at delivery, drew air into the lungs (35). This was supported by
Warnekros (23) and Karlberg (26) who measured inspiratory volumes of up to 29 mL before
the first obvious spontaneous breath. However, Saunders suggested these observed volume
changes may have been the initial breaths that were missed within seconds of delivery (27).
Other proposed mechanisms include erection of the pulmonary capillaries leading to lung
expansion and active inflation through contraction of pharyngeal muscles (glossopha-
ryngeal respiration, “frog breathing”) (36-39). However, the capillary erection theory was
disproved by the finding of an immediate and dramatic decrease in pulmonary vascular
resistance with inflation (40). In addition, although glossopharyngeal breathing has never
been formally rejected as a potential mechanism, it is too slow and inefficient to make a
substantial contribution to lung gas volumes.
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To understand the mechanics of creating and maintaining end-expiratory gas volumes
in the lung, cineradiography (38;41) and recordings of breathing patterns (4;10;42) were
performed in full term infants. Fawcitt et al, showed that the first inspiration of air resulted
from contraction of the diaphragm which was associated with dilation of the intra-thoracic
trachea and the movement of air into the posterior portions of the lung (41). During expira-
tion, some air remained in the lung and some closure of the pharynx-larynx was observed
(38;41). These studies and the more recent phase-contrast X-ray imaging of the lung (28)
have demonstrated that the entry of air into the lung is dependent upon the generation of
a transpulmonary pressure created by inspiratory efforts; this mainly results from contrac-
tion of the diaphragm.

Measurements of respiratory activity in healthy term infants at birth indicate that it can take
up to 30 seconds before the infant takes its first breath (4;9;10;42). The first breaths tend
to be deeper and longer than subsequent breaths and are characterized by a short deep
inspiration followed by a prolonged expiratory phase. Commonly, expiratory flow is inter-
rupted by a period of low or zero flow, ending in a short expiratory flow peak or multiple
expiratory flow peaks. This is known as expiratory braking and can result in high positive
airway pressure when accompanied by abdominal muscle contraction, pressurizing the gas
in the lungs. This respiratory pattern is similar between vaginal and caesarean delivered
infants (4;10) and has also been observed in spontaneous breathing infants later in life (43-
47). Two braking mechanisms contribute to the maintenance of an elevated end-expiratory
gas volume. The first, seen in both preterm and term infants, is post-inspiratory activity of
the inspiratory muscles, mainly the diaphragm, which slows the rate of lung deflation by
counteracting its passive recoil (44;46-48). The second is adduction of the glottis during
expiration which increases the resistance to expiratory airflow (32;43;47). This suggestion
has been confirmed in studies showing that airflow is controlled throughout the breathing
cycle by vagal reflex mediated activation of diaphragmatic and laryngeal muscles (49-53).
These vagal reflexes are present at birth in term and preterm infants and are thought to
have a crucial role in the control of breathing and lung gas volumes at this time. For a com-
prehensive review see Frappell and MacFarlane (54).

Transpulmonary pressures required for lung aeration

Several studies have demonstrated an “opening pressure” which must be exceeded to
aerate the lungs. Theoretically, the “opening pressure” is analogous to the transpulmonary
pressure required to overcome the frictional resistance of liquid movement through the
airways, as well as the lung recoil associated with the newly formed surface tension, and
drive the air/liquid interface into the distal airways (28;55;56). Experiments in animals and
stillborn or deceased newborn infants indicate that the “opening pressure” ranges between
20 and 55 cmH,0, depending upon whether it was a healthy or diseased lung (55-57). As
less pressure was needed to open the lungs when they were inflated with fluid compared
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with air, the surface tension at the air liquid interface associated with lung aeration is a
major contributing factor to the need for an opening pressure (56-59).

Near term, alveolar type-Il epithelial cells secrete surfactant into the lung fluid which
reduces the “opening pressure” needed to aerate the lungs (60). As air enters the alveoli the
recruitment of surfactant to the air/liquid interface reduces the surface tension, facilitating
further alveolar expansion and preventing their collapse (61). Studies measuring inspiratory
pressures and tidal volumes of spontaneously breathing infants at birth, showed that sub-
atmospheric intrathoracic pressures of 30 cm H,0 produce an average inspired volume of 40
ml (4;5;7;27). At the end of inspiration there is a positive intra-thoracic pressure of about 35
cm H,0, but there is no loss of gas from the lungs due to a closed glottis. This positive intra-
thoracic pressure facilitates the distribution of air within the lung and probably promotes
liquid clearance. However, these studies were not able to detect a positive “opening pressure”
per se (4;5;7;27) which led Milner to repeat them with more accurate pressure transducers.
He observed that infants can generate very high inspiratory pressures (mean 52 cm H,0;
range 28-105 cm H,0) and positive expiratory pressures (mean 71 cm H,O; range 18-115 cm
H,O) during the first breath to achieve similar inspired volumes as previously measured, but
still no positive “opening pressures” were noted (9). Clearly, the pressure gradient between
the mouth opening and the alveolus, rather than a positive “opening pressure” per se, deter-
mines gas entry into the lung.

In contrast, positive “opening pressures” required for gas entry into the lungs have been
examined in ventilated apneic infants. Boon studied 20 asphyxiated babies born by
caesarean section and showed that an inflation pressure of >20 cm H,0 (mean 27 cm
H,0) was required for gas entry into the lungs (62). Inflations of 30 cm H,O produced an
initial tidal volume of 15 ml, which is low compared to the 40 ml measured in spontaneous
breathing infants (62;63). In most instances, a significant FRC was not achieved until the
baby began its own respiratory efforts, probably in response to a Head’s paradoxical reflex
(62). This reflex promotes continued inspiration after a sudden inflation and is important in
the initial aeration of the lung after birth (62;64;65).

Boon also noted that during the first inspirations, gas was still entering the lung after one
second (62), which prompted them to examine the effect of sustained inflations. When an
inflation of 30 cm H,O was prolonged for 5 seconds, the inspired volume was similar to that
achieved by spontaneously breathing infants. Thus, it is possible that a prolonged inflation,
at this pressure, overcomes the long time constant of a fluid-filled lung, allows more air
to enter the alveoli and also helps to clear airway liquid. When the inflation pressure
was increased slowly over three to five seconds, lower opening pressures were required
compared with standard inflations (10 to 25 cm H,0) (66).
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Lung aeration in very preterm infants

There are several reasons why very preterm infants may have difficulty aerating their lungs
and keeping them open. Because of weak respiratory muscles and inadequate surfactant,
insufficient inspiratory pressures are generated to overcome the high surface tension and
frictional forces to achieve effective lung aeration. Because the neonatal chest wall is very
compliant, it deforms during diaphragmatic contraction, thereby reducing the inspired tidal
volume, and is unable to resist lung recoil which reduces resting lung gas volumes at end
expiration (67;68). In addition, the lungs of preterm infants are less responsive to mecha-
nisms such as sodium reabsorption and so are less efficient at clearing lung liquid (16;69;70).
Retention of lung liquid in the air spaces reduces lung gas volume, promotes non-uniform
aeration and impairs the changes in cardio-pulmonary physiology that are essential for
postnatal survival (16;69;70). Most very preterm infants now receive antenatal corticoste-
roids which greatly improve postnatal lung function. Glucocorticoids stimulate surfac-
tant production, accelerate development of the distal airway structure and mature liquid
clearance mechanisms thereby enhancing lung aeration at birth (18;71). Thus, following
glucocorticoid treatment, many very preterm infants can breathe more easily and establish
an FRC with only nasal continuous positive airway pressure (NCPAP) as support (72;73).

Most studies investigating the first breaths of extra-uterine life have focused on healthy
or asphyxiated term infants, not very preterm infants. Signs such as grunting expiration,
chest retraction and tachypnea in very preterm infants suggest that they have similar lung
volume defense mechanisms to mature infants. However, it cannot be assumed that results
of studies of term infants apply to preterm infants.

The lungs of very preterm infants are vulnerable and inappropriate ventilatory support
can cause injury which is closely associated with the development of bronchopulmo-
nary dysplasia (1;2). A more detailed examination of the breathing patterns adopted by
very preterm infants that successfully establish and maintain an FRC after birth may help
us understand the most appropriate ways to ventilate those infants requiring respiratory
support. It is possible that, instead of using higher pressures to open the lung, an initial
sustained inflation should be given to overcome the long time constant of the fluid-filled
lung (66;74). There are also compelling data emerging to indicate that the creation and
maintenance of an FRC during resuscitation is dependent upon PEEP which prevents airway
collapse at end expiration (75). NCPAP immediately after birth versus intubation and pro-
phylactic surfactant is a controversial topic. Administration of prophylactic surfactant in
preterm infants has been shown to reduce mortality and the incidence of pneumothoraces,
(76) most probably by improving lung compliance and facilitating lung aeration. However,
there is limited data concerning the immediate effect of surfactant during resuscitation
directly after birth (77;78). The advantages of NCPAP are that it is relatively non-invasive,
it conserves surfactant and supports and stimulates spontaneous breathing, avoiding
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possible damage caused by intubation and ventilation. It is likely that the sub-atmospheric
pressure generated during spontaneous inspiration is more efficient than positive pressure
applied via the airways (62;63); and may promote faster and more uniform liquid clearance
from the airways and lung tissue. A recent RCT in very preterm infants combined the strate-
gies of a prolonged initial inspiration with early CPAP and showed a reduction in intubations
in the delivery room and within 72 hours of age (74).

Conclusion

A good understanding of the strategies used by an infant to breathe and create and sustain a
FRC at birth should be the basis of respiratory support in the delivery room when breathing
isinadequate. The spontaneous breathing pattern is very different from thatimposed during
mechanical ventilation. The lung expands more easily with spontaneous inspirations than
inflations, most probably because artificially applied inflations do not adequately duplicate
the first spontaneous breaths. Important questions remain unanswered. 1) How do very
preterm infants aerate their lungs spontaneously and develop an FRC and how can this be
stimulated and supported? 2) Would it be better to use ventilation techniques that mimic
spontaneous breathing at birth to aerate the lung in apneic very preterm infants? To learn
more about spontaneous breathing patterns and artificial inflations in the delivery room,
more studies of both term and preterm infants using advanced techniques are needed.
Studies using animal models will remain an important complement to human studies.
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