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Extremes of age: newborn
and infancy
The first breath after birth is the most difficult in
life. What happens before, during and after it?

The breath of the human
fetus
Although the placenta provides respiratory gas
exchange to the fetus, active fetal breathing movements (FBMs) are present from 10 weeks of gestation. FBM incidence increases with gestational age
but drops immediately before the onset of labour.
FBMs not only represent the ability of the fetus to
use and train the respiratory muscles in utero to be
ready after birth, but they also contribute to the
development of the lungs and neural circuits of
respiratory control. FBMs become more frequent
with increasing maternal glycaemia or in hypercapnia, whereas they are reduced or even abolished by
nicotine, hypoxia, alcohol and drug (opiates) exposure in utero. Severe oxygen deprivation stimulates
deep, gasping-type efforts, inducing the fetus to
aspire meconium and/or other amniotic fluid [1].

Birth transition: preparing for
the first breath
The uterine contractions during labour and the
“vaginal squeeze” at delivery make the fetus
change position, therefore compressing its
highly compliant thorax. These mechanical forces
represent an aid to clearance of liquid from the

lungs. In utero, in fact, the lungs are not used
to breathe, being completely full of the liquid
secreted by the pulmonary epithelium. In order
to stimulate the development of fetal lungs, the
pre-natal volume of liquid inside them is higher
than the resting capacity measured at birth,
thanks to adduction of the glottis, which promotes
fluid accumulation. The first breath, therefore, can
occur only after a transition from liquid to air-filled
lungs. The clearing lung process starts in parallel
to labour and consists of two mechanisms:
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1) uterine contraction-induced alteration of
chest wall configuration of the fetus with
consequent increase of transpulmonary
pressure gradient that drives the fluid outside
the lungs; and
2) release of fetal adrenaline to activate the
sodium channels on the apical pulmonary
surface that stimulate the epithelial cells
to stop secreting lung fluid and to start
reabsorbing it.
Compared to infants exposed to labour, infants
born by caesarean section are more likely to retain
more liquid in their lungs and this may limit the
amount of air entering into their airways at the
first breath [1, 2].

The first breath
At birth, the lungs are still full of liquid until the first
breath is taken. It seems that the first inspiratory
effort plays a critical role by generating an active
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pressure gradient to shift the fluid into the interstitial tissue, where it will be gradually removed by
the pulmonary and lymphatic circulations. Near
term, surfactant is secreted by alveolar cells into
the lung fluid. The surfactant is a surface active
agent that lowers the air/liquid interfacial tension therefore reducing the “opening pressure”
(20–55 cmH2O) required to aerate the lungs and
preventing alveolar collapse to facilitate their
expansion. In this way, subatmospheric intrathoracic pressure swings of ∼30 cmH2O allow the
generation of ∼40 mL of tidal volume. At the end
of the first inspiration, produced by the contraction
of the diaphragm, which develops an oesophageal
pressure swing up to −70 cmH2O [3], the newborn
closes the glottis in order to avoid gas loss and to
maintain ∼35 cmH2O of positive intrathoracic
pressure that facilitates air distribution inside the
lungs further promoting liquid clearance. The first
breath can take up to 30 s after birth [2].

Onset of continuous
breathing: expiratory braking
The onset of continuous respiration after birth
includes different factors such as asphyxia, afferent vagal input, occlusion of the umbilical circulation and rise of oxygenation secondary to the first
breath. The breathing pattern of the first breaths
after delivery is characterised by rapid, deep inspiration followed by prolonged expiration. During
expiration, occasional breaths present alternations
between low- or zero-flow periods and short or multiple expiratory flow peaks resulting in high positive
airway pressure, secondary to respiratory muscle
contractions that pressurise the air inside the lungs.
This pattern is known as expiratory braking [1, 4].

Dynamic maintenance of endexpiratory lung volume
After the first breath, it is crucially important to
maintain the lungs full of air to avoid their collapse. This is achieved by two braking mechanisms
controlled by vagal reflexes present at birth [4]:
1) post-inspiratory activity of the diaphragm
that contracts to counteract the passive recoil
of the lung in order to slow its deflation; and
2) glottis adduction during expiration to
increase the resistance to the expiratory
airflow in order to retard it [5].
While end-expiratory lung volume (EELV) is
normally passively determined as the balance
between the outward and inward elastic recoil of
chest wall and lung, respectively, infants dynamically maintain EELV by employing both braking
mechanisms [2, 4, 6, 7]. Because of the highly
compliant chest wall, in infancy, EELV is only
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10–15% of total lung capacity, being very close
to residual volume and, therefore, predisposing to
airway closure development. For this reason, the
braking mechanisms are very important to keep
EELV above the resting volume until the chest wall
stiffens with growth [5, 8].

Mechanical properties and
dynamics of breathing
The maintenance of EELV depends, among others,
on the compliance of both the chest wall (CCW) and
the lung (CL). In infancy, CCW is three times higher
than CL but they become similar after the age of
1 year. The developmental change in chest wall
stiffness has important consequences for respiratory system function. In fact, it contributes to stabilising the thorax, by reducing the energy wasted
to distort the compliant ribcage, therefore improving ventilatory efficiency. Not only does it allow the
chest wall to withstand the inward recoil of the lung
without relying on the braking mechanisms, but it
also becomes the adequate scaffolding structure for
optimal respiratory muscle function. It is also considered the main responsible for the transition from
dynamic to passive maintenance of EELV [6, 9].
Immediately after birth, the compliance
(C RS) and the resistance (RRS) of the respiratory s ystem are, respectively, low and high, due
to the residual fluid present in the lung interstitium. The price to pay to expand the lungs
dynamically and actively is, therefore, a greater
work of breathing that is almost entirely due to
the elastic component [9].
Afterward (i.e. in the following hours and few
days, depending on factors like mode of delivery
and duration of labour), CL and CRS gradually rise
while CCW decreases and RRS decreases because
of the progressive clearing of the pulmonary fluid
and lung expansion.

Chest wall geometry and
respiratory muscles
At birth, the ribcage is composed primarily of cartilaginous tissue. Because ribs are horizontal and
extend at right angles from the vertebral column,
the cross-sectional shape of the ribcage is more
circular. The ratio between the anteroposterior
and lateral diameters of the thorax (thoracic index)
is very high at birth and substantially decreases in
the first 2 years of life [10].
The diaphragm is flattened, with consequent
absence of appositional area. The contraction of
the diaphragm acts mainly in the posterior part and
makes the compliant ribcage displace with a paradoxical inward motion during inspiration [3, 11].
A breath-by-breath fluctuation of the relative
contribution to tidal volume of the intercostal
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Figure 1 The principal physiological adaptations of the respiratory system in utero, during labour and delivery to prepare
the first breath and then during infancy. FBM: fetal breathing movement; PTP: trans-pulmonary pressure; EELV: end-
expiratory lung volume; CCW: chest wall compliance; CL: lung compliance.

muscles and diaphragm is considered a rapid
adaptive process for optimal ventilation [12].
Growth induces a progressive increase in the bulk
of respiratory muscles as well as changes in their
fibre composition. Hypocapnia decreases upper
airway muscle and diaphragm activation. Since
the carbon dioxide threshold of upper airway
muscles is higher than that of the d
 iaphragm,
during carbon dioxide transitions, their dilating
action could be delayed with respect to the negative pressure swings of d
 iaphragmatic contraction so favouring obstructive apnoeas [13].
At birth, maximal inspiratory and expiratory
pressures during crying are ∼90 and ∼60 cmH2O,
respectively, and significantly increase during
the first 6 weeks after birth reaching values
of ∼120 cmH2O. Despite such high pressure
demand, a consequence of elevated metabolic
and ventilatory rates combined with highly compliant ribcage and small radius of curvature, the
inspiratory force reserve is reduced in infants compared to adults [3, 14].

Breathing pattern and sighs
While tidal volume remains invariant (∼6 mL·kg−1)
from birth to adulthood, respiratory rate progressively decreases with growth. The newborn’s

ventilatory demands are generally higher and
met by increasing breathing frequency (up to
40 breaths·min−1 [15, 16]), rather than tidal volume, being the most energy-efficient strategy [1].
Because of their relatively large head size, anatomic dead space in infants is greater than adults
(>3 mL·kg−1) and this is important to consider
when measuring tidal volume [17].
Inspiratory and expiratory time are shorter and
prolonged, respectively, as consequence of expiratory braking, which is most commonly achieved by
crying [5, 18–20].
Healthy, full-term newborns spend a lot of time
in rapid eye movement sleep characterised by
depression of phasic and tonic activity of all respiratory muscles with the exception of the diaphragm.
The resulting paradoxical motion of the ribcage is
associated with EELV reduction, decrease of transcutaneous oxygen partial pressure and increase in
the work of breathing of the diaphragm [3, 10].
The breathing pattern of infants is also characterised by large sighs, i.e. random, spontaneous,
deep inspirations, the role of which is to restore
lung volume and to reset the neurorespiratory
control system. In contrast to adults, in infants,
sighs are followed by periods of hypoventilation or
apnoea, the role and consequences of which are
still unclear [21].
The processes described in this article are summarised in figure 1.
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