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ABSTRACT:  In newborns and infants a variety of respiratory disorders lead to
ventilatory failure.  In early life the ventilatory response to loaded breathing is lim-
ited.  The risk factors of ventilatory failure are related to the developing respira-
tory pump because of the immaturity of the chest wall, respiratory muscles and
coupling between thoracic and abdominal movements.  Assessment of respiratory
muscle function in infants is limited, due to the objections to using invasive tech-
niques.  However, measurement of airway pressures during crying may provide an
index of respiratory muscle strength in infants.  Real-time ultrasonography allows
investigation of diaphragmatic movements.  Pattern of thoracoabdominal motion
can be assessed using uncalibrated respiratory inductive plethysmography.  Finally,
electromyographic recording of respiratory muscles by surface electrodes is of clin-
ical usefulness during sleep studies.
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In newborns and infants, a variety of diseases can
rapidly lead to ventilatory failure: neonatal distress syn-
drome, bronchopulmonary dysplasia, bronchiolitis,
upper airway obstruction and abdominal wall defects.
In early life, the ventilatory response to respiratory dis-
ease is limited and risk factors for ventilatory failure
are related, in part, to the immaturity of the developing
respiratory pump.  However, despite its potential clin-
ical usefulness, assessment of respiratory muscle func-
tion has some limitations in infants as compared to adults.

The developing respiratory pump

Respiratory muscle recruitment strategies used by an
individual in response to increased mechanical respir-
atory loads depend upon thoracoabdominal wall mech-
anics and state of wakefulness.

Mechanical properties of the chest wall

During development, the shape of the thorax changes
significantly.  At birth, the ribs are composed mainly of
cartilage and extend almost at right angles from the
vertebral column.  As a result, the rib cage is more cir-
cular than in adults [1] and, consequently, lacks mech-
anical efficiency.  In adults, the volume of the rib cage
can be increased by elevating the ribs.  In infants, the
ribs are already elevated, and this may be one reason
why motion of the rib cage during room air breathing
contributes little to tidal volume [2].  The diaphragm
appears flattened.  The angle of insertion of the diaphragm

on the rib cage is very wide, resulting in the absence of
the area of apposition.  The orientation of the ribs does
not change substantially until the infant assumes the
upright posture.  Concurrently, there is progressive min-
eralization of the ribs.  These changes in shape and struc-
ture play a central role in stiffening the rib cage.

A high chest wall compliance (Cw) relative to lung
compliance is an inherent characteristic of the newborn
mammal [3].  Measurements of passive Cw in human
infants are scanty [4].  There are still uncertainties about
age-related Cw changes [5].

Chest wall compliance has a major influence on main-
tenance of lung volume.  Functional residual capacity
(FRC) is defined as the static passive balance of forces
between the lung and the chest wall.  In infants, out-
ward recoil of the chest wall is very small [3].  Con-
sequently, the static passive balance of forces would
dictate a very small FRC.  There are compelling rea-
sons to believe that dynamic end-expiratory lung volume
in newborns and infants is substantially above the pas-
sively determined FRC.  It has been shown that in new-
borns, in contrast to adults, expiration is terminated at
substantial flow rates [6].  This suggests active interruption
of a relaxed expiration.  Newborns may use two mech-
anisms to actively slow expiration, i.e. post-inspiratory
activity of the diaphragm [7], and laryngeal narrowing
during expiration [8].

Respiratory muscles

With growth, there is a progressive increase in the
bulk of respiratory muscles.  There are also important
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changes in the fibre composition, fibre size, and oxida-
tive capacity.  In preterm infants, the diaphragm is
composed of less than 10% type I fibre  [9] and low
percentages of type II fibre, particularly fibre type IIc
[10–12].  Mean cross-sectional area of all fibre types
increases postnatally [12].  The total oxidative capacity
of the diaphragm, defined as succinyl dehydrogenase
activity, is low at birth [11, 12].

Maximum pressures exerted by infants are surpris-
ingly high compared to adults.  This is probably related
to the small radius of curvature of the rib cage, diaphragm,
and abdomen, which, according to the Laplace relation-
ship, converts small tensions into relatively high pres-
sures.  Oesophageal pressures of up to -70 cmH2O have
been recorded in infants during the first breath [13].
Inspiratory and expiratory pressures of about 120 cmH2O
have been recorded during crying in normal infants
[14].  However, despite relatively high maximal static
inspiratory pressure, the inspiratory force reserve of res-
piratory muscles is reduced in infants with respect to
adults because inspiratory pressure demand at rest is
greater [15].  High pressure demand in infants is related
to high minute ventilation and to high metabolic rate
[16].

Fatiguability of neonatal respiratory muscles as com-
pared to adults remains a controversial issue.  The paucity
of fatigue resistant type I fibre, high proportion of fat-
igue-susceptible type IIc fibre and low oxidative capac-
ity of the neonatal diaphragm suggest that the muscle
may be relatively prone to fatigue.  However, in vitro
[10–12, 17] and in vivo [12] studies of the neonatal
diaphragm have shown the opposite.  In contrast, an in
vivo study in rabbits found that fatigue occurred more
quickly in neonatal than adult animals [18].

Thoracoabdominal coupling: relationship with states of
wakefulness

Chest wall muscle contraction helps stabilize the com-
pliant infant rib cage; minimizing inward displacement
of the rib cage by diaphragmatic contraction.  However,
when the stabilizing effect of intercostal muscles is in-
hibited, such as during rapid eye movement  (REM)
sleep, paradoxical inward motion of the rib cage occurs
during inspiration [19].  It must be emphasized that
fullterm newborns spend more than 50% of their total
sleep time in REM sleep, and that REM sleep is even
more prominent in premature infants.

Asynchronous chest wall movements during REM
sleep have been shown to be associated with several
mechanical derangements in newborns: 1) decrease in
FRC; 2) decrease in transcutaneous partial pressure of
oxygen [20]; and increase in diaphragmatic work of
breathing [21].  During REM sleep, the diaphragm
dissipates a large fraction of its force in distorting the
rib cage rather than effecting volume exchange.  Fur-
thermore, infants can use their abdominal muscles to
optimize diaphragmatic length, and this abdominal
muscle activity is inhibited in REM sleep [22].  The in-
crease in diaphragmatic work of breathing may represent

a significant expenditure of calories, and may contribute
to the development of diaphragmatic fatigue and venti-
latory failure.  Furthermore, acidosis and hypoxia, both
of which increase muscle fatigability, are not uncom-
mon in sick premature infants.

Assessment of respiratory muscle function

In contrast to other pulmonary function tests, assess-
ment of respiratory muscle function is not performed in
clinical practice,  in the majority of neonatal and paedi-
atric departments.  This is due to difficulties raised by
use in infants of respiratory muscle function testing
methods developed in adults.

Pressure measurements 

Maximal static inspiratory (PImax) and expiratory
(PEmax) airway pressure provide estimates of maximal
force generated by the respiratory muscles.  Airway oc-
clusion performed during crying allows measurements
of maximal static pressures in infants.  PImax and PE-
max are the most negative and most positive pressures
generated during crying against an occluded airway at a
volume approaching residual volume and total lung
capacity [14].  The measurements have been shown to
be reproducible [14].  Normative data have been est-
ablished in healthy infants in the 0.06–3.76 yrs age
range [14].  Maximal inspiratory pressure is independent
of age, sex, and anthropometrics, whilst maximal expir-
atory pressure shows a weak but significant positive
correlation with body weight [14].  Measurements of air-
way pressures during crying may provide an index of
respiratory muscle strength in infants with generalized
muscle weakness [23].  Inclusion of maximal inspir-
atory pressures among extubation criteria in infants has
been proposed [24, 25].

Reports on transdiaphragmatic pressure measurements
are scanty in infants [21, 26].  Attention should be given
to the influence of chest wall distortion on oesophageal
pressure measurements [27].  Accuracy of oesophageal
pressure measurements must be confirmed by compari-
son of oesophageal pressure with mouth pressure during
airway occlusion [28].  SCOTT et al. [26] reported trans-
diaphragmatic pressures measured during crying in
healthy awake infants during the first year of life.   GUSLITS

et al. [21] have developed a technique for assessing
diaphragmatic work of breathing utilizing transdiaphrag-
matic pressure and abdominal volume displacement.

Diaphragmatic movements

Axial movement of the right hemidiaphragm during
tidal breathing has been recorded using real-time ultra-
sonography [29,  30].  Normative data have been collect-
ed in healthy newborns [30].  This investigation may
be of clinical value in the assessment of diaphragm, rib
cage, or abdominal defects in newborns, as well as of
neuromuscular disorders.
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Phrenic nerve stimulation

Phrenic nerve stimulation in the neck is one of the
techniques used to investigate diaphragmatic contract-
ility.  Bilateral supramaximal phrenic stimulation with
needle electrodes has been used in adults to detect and
quantify peripheral diaphragmatic fatigue [31].  Needle
stimulation is potentially dangerous, especially in in-
fants.  Therefore only transcutaneous phrenic stimu-
lation has been performed in infants.  Transcutaneous
stimulation requires use of a high stimulus voltage,
needed to overcome the resistance of the skin, and can
therefore be painful. This technique has been used in
infants to measure phrenic nerve latency [32–34].  Dia-
phragmatic signals are recorded using surface electrodes.
Normative phrenic nerve latency data are available for
healthy infants and children [32].  Latency is longer in
the left phrenic nerve than in the right [32].  This inves-
tigation represents a useful tool in the investigation of
infants at particular risk for postoperative phrenic nerve
damage [34].   This technique is also clinically useful to
estimate diaphragmatic dysfunction during repair of
diaphragmatic hernia or abdominal wall defects [35].

Electromyographic (EMG) recording of respiratory mus-
cles

EMG activity of the diaphragm can be recorded via
surface electrodes and/or oesophageal electrodes.  Sur-
face electrodes are usually placed in the right 7th and
8th interspaces between the mid-clavicular and mid-
axillary lines.  With surface electrodes, contamination
of diaphragmatic signals with EMG activity from other
muscles cannot be excluded [36].  Several parameters
have been calculated from surface diaphragmatic EMG
signals, such as peak amplitude [37, 38] high-to-low
frequency ratio [37, 38], and centroid frequency [39] of
the power spectrum.  Early studies suggested that an
increase in low frequency and decrease in high frequency
power on the surface diaphragmatic EMG in preterm
infants was associated with diaphragmatic fatigue [37,
38].  A recent study compared diaphragmatic EMG in
preterm infants using both surface and oesophageal
electrodes during the various sleep states [36].  This study
showed that diaphragmatic EMG obtained via oesopha-
geal electrodes showed shorter phasic activity of the
diaphragm and negligible tonic activity compared with
the surface EMG.

EMG activity of respiratory muscles other than the
diaphragm, such as the intercostal [37] and abdominal
muscles, has been recorded using surface electrodes in
infants [22, 40].  Surface electrode recordings of respir-
atory muscle EMG activity are of clinical usefulness
during sleep studies [40].

Thoracoabdominal motion measurements

Indices of thoracoabdominal motion have been em-
ployed to indirectly assess respiratory muscle function
[41, 42].

The pattern of thoracoabdominal motion can be as-
sessed using uncalibrated respiratory inductive plethys-
mography.  Signals are used solely as indices of relative
timing and magnitude of rib cage (RC) and abdominal
(ABD) motion, rather than of volumetric contribution to
tidal volume.  RC and ABD signals are displayed on
an X-Y recording system to form a "Lissajous figure".
From the Lissajous figure, a "phase angle" can be cal-
culated as an index of thoracoabdominal asynchrony
[43–46].  The degree of thoracoabdominal asynchrony
has been shown to be related to the degree of lung dis-
ease [43].  Furthermore, developmental changes in tho-
racic properties with advancing age in early childhood
influence the pattern of thoracoabdominal asynchrony
when mechanical respiratory loads are increased [45].
Prone posture [47], continuous (nasal) positive airway
pressure [48], and abdominal loading [49] have been
shown to improve thoracoabdominal motion synchrony
in preterm infants and therefore to reduce diaphrag-
matic work of breathing.
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