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Respiratory muscle function in the newborn: a narrative review
Theodore Dassios1,2, Aggeliki Vervenioti2 and Gabriel Dimitriou2

Our aim was to summarise the current evidence and methods used to assess respiratory muscle function in the newborn, focusing
on current and future potential clinical applications. The respiratory muscles undertake the work of breathing and consist mainly of
the diaphragm, which in the newborn is prone to dysfunction due to lower muscle mass, flattened shape and decreased content of
fatigue-resistant muscle fibres. Premature infants are prone to diaphragmatic dysfunction due to limited reserves and limited
capacity to generate force and avoid fatigue. Methods to assess the respiratory muscles in the newborn include electromyography,
maximal respiratory pressures, assessment for thoraco-abdominal asynchrony and composite indices, such as the pressure–time
product and the tension time index. Recently, there has been significant interest and a growing body of research in assessing
respiratory muscle function using bedside ultrasonography. Neurally adjusted ventilator assist is a novel ventilation mode, where
the level of the respiratory support is determined by the diaphragmatic electrical activity. Prolonged mechanical ventilation,
hypercapnia and hypoxia, congenital anomalies and systemic or respiratory infection can negatively impact respiratory muscle
function in the newborn, while caffeine and synchronised or volume-targeted ventilation have a positive effect on respiratory
muscle function compared to conventional, non-triggered or pressure-limited ventilation, respectively.
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IMPACT:

● Respiratory muscle function is impaired in prematurely born neonates and infants with congenital anomalies, such as
congenital diaphragmatic hernia.

● Respiratory muscle function is negatively affected by prolonged ventilation and infection and positively affected by caffeine
and synchronised compared to non-synchronised ventilation modes.

● Point-of-care diaphragmatic ultrasound and neurally adjusted ventilator assist are recent diagnostic and therapeutic
technological developments with significant clinical applicability.

INTRODUCTION
The main muscle of inspiration is the diaphragm, which is a thin,
dome-shaped skeletal muscle that contracts during inspiration
and generates negative intra-thoracic pressure that draws air in
the thoracic cavity. Other muscles that contribute to inspiration
are the intercostal muscles, the sternocleidomastoids and the
scalenes, which assist in elevating the rib cage.1,2 The clinical
importance of the respiratory muscles lies in that they undertake
the work of breathing (WoB), and when their functional integrity is
compromised, independent breathing cannot be sustained,
resulting in a need for assisted ventilation. An estimation of the
predicted ability of the respiratory muscles to independently
undertake the WoB is used in the assessment of readiness for
extubation from mechanical ventilation.3 Our aim was to review
the currently available evidence on respiratory muscle function in
the newborn and describe the methods used to assess respiratory
muscle function in this population, focusing on current and future
potential clinical applications.
We searched PubMed, Scopus and the Cochrane Central trials

register up to November 2020 and performed a manual search of
references in narrative and systematic reviews. Search terms
included “infant”, “newborn”, “respiratory muscles”, “work of
breathing”, “diaphragm” and “diaphragmatic”. No predefined
age cut-off was used in the definition of a “newborn”, as

extremely preterm infants measured at term would fall outside
the epidemiological definition cut-off of 28 days of age.”

The diaphragm prenatally and at birth
Foetal breathing movements are essential for the intrauterine
development of the respiratory muscles. In the healthy human
foetus, breathing activity can be detected from 10 to 12 weeks of
gestation and occurs at an average frequency of 60 per minute.4

Seminal in utero animal studies that analysed the contractile and
fatigue properties of the diaphragm demonstrated that during
intrauterine life twitch contraction and relaxation times decrease,
tetanic force levels increase and the range of forces generated by
the diaphragm in response to graded nerve stimulation increases.5

These changes functionally allow the diaphragm to regulate the
movement of the very compliant rib cage in the newborn.5 At
birth, the contraction of the diaphragm develops an oesophageal
pressure swing up to −70 cm H2O

6 and the newborn closes the
glottis to maintain a positive intra-thoracic pressure and facilitate
air distribution inside the lungs.7 A study of eight infants born
between 28 and 31 gestational weeks and supported by early
nasal continuous positive airway pressure (nCPAP) reported that
the median electrical activity of the diaphragm peak value was
19.2 μV at 20min after birth, which decreased to 11.4 μV at 55 min
of age.8 The same study highlighted that preterm infants were
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capable of generating sufficient diaphragm tone during expiration
to establish and maintain functional residual capacity (FRC).
Diaphragm activity decreased during the first 90min, suggesting
that early adaptation was accomplished by 90min of age.8

THE NEONATAL RESPIRATORY PUMP: ANATOMICAL AND
MECHANICAL CONSIDERATIONS
Although in adults elevation of the ribs during inspiration
increases the intra-thoracic volume, the newborn ribs are already
elevated and horizontal, and their elevation produces little effect
on the intra-thoracic volume.9 Furthermore, the non-ossified,
highly compliant neonatal chest wall10 renders the neonatal
thorax prone to distortion, especially when intercostal muscle
activity is inhibited during rapid eye movement (REM) sleep.11

Unlike the adult dome-shaped diaphragm, the neonatal dia-
phragm is morphologically flattened and inserted to the chest wall
with a larger angle, resulting in a smaller zone of apposition and
decreased range of displacement.12 In adults, the zone of
apposition serves as a reserve from which the diaphragm
contracts caudally like a piston, which results in inward air flow.13

In the newborn, however, the diaphragm acts more as a bellow, its
posterior limb moving dorsally and when in respiratory distress
can distort the lower part of the rib cage in what is clinically
described as “subcostal recession”. Structurally, the newborn
diaphragm consists of fewer fatigue-resistant slow twitch (type-I)
fibres, decreased oxidative capacity and low total cross-sectional
area of all fibre types.14 The poor functional reserve of the
newborn diaphragm renders it prone to muscle fatigue. When the
WoB is increased, the accessory muscles (sternocleidomastoid and
scalene) are recruited in order to avoid fatigue, coupled with post-
inspiratory diaphragm contraction and laryngeal braking, a
phenomenon that manifests clinically as expiratory “grunting”.15

Post inspiratory diaphragm activation coupled with upper airway
muscle activation are also present in non-laboured tidal breathing
in term infants in an effort to control airflow throughout the
breathing cycle.16 Post inspiratory diaphragm activation ensures a
controlled expiration to prevent the newly recruited alveoli from
collapsing and results in increased FRC and improved gas
exchange,17 while in laboured breathing, expiration in preterm
neonates becomes an active phenomenon, during which the
abdominal muscles are activated.18

ASSESSMENT OF RESPIRATORY MUSCLE FUNCTION
Electromyography (EMG)
Surface diaphragmatic EMG was historically the first method
applied in the neonatal population to assess diaphragmatic
physiology.19 The initial studies described that surface diaphrag-
matic EMG in fatigue is characterised by a fall in high frequencies
(160–640 Hz) and a rise in low frequencies (10–40 Hz) and that a
shift towards the low frequencies indicates fatigue.20 When the
diaphragm fatigues, the intercostal muscles act synergistically to
counteract the impaired diaphragmatic performance21 and to
stabilise the neonatal thorax.22 Sustained airway occlusion results
in increased surface EMG peak amplitude in unsedated newborn
preterm infants.23 REM sleep is associated with loss of intercostal
muscle tone in neonates.11,24 Carbon dioxide rebreathing in
healthy preterm infants causes increased EMG activity as an
adaptive diaphragmatic post-inspiratory response to maintain
end-expiratory lung volume.25

While studying the EMG responses of the upper-airway muscles
and the diaphragm to inspiratory resistive loading, the diaphragm
increases its EMG activity in response to induced flow restriction.26

Another study described that, during obstructive apnoea,
premature infants respond by increasing the EMG activity of the
diaphragm and decreasing the EMG activity of the upper-airway
muscles,27 probably in an effort to accommodate more inward

airflow. Hutten et al. described that the EMG activity of the
intercostal muscles and the diaphragm is related to the resistive
load of breathing, externally imposed by a face mask,28 and
premature infants with chronic lung disease activate their
inspiratory muscles earlier during expiration than healthy term
infants.29

Measurement of respiratory pressures and composite indices
In infants, maximal static inspiratory (PImax) and expiratory (PEmax)
pressures are recorded as the most negative and most positive
pressures, respectively, generated during crying against an
occluded airway and can be measured at the level of the mouth.6

Crying is assumed to represent a maximal effort30 and PImax and
PEmax are measured starting from a volume approaching the
residual volume and total lung capacity, respectively.31,32 Mean
maximal transdiaphragmatic pressure has been reported to be
72 cm H20 in term infants measured at a mean age of 11.6 months
post conception and correlates with postconceptional age,
reflecting a developmental/maturation effect.33 Mean PImax during
crying in healthy term infants measured later at a mean age of 1.4
years was 118 cm H2O and was independent of age, sex and
anthropometry, while mean PEmax was 125 cm H2O and correlated
with body weight.31 In premature infants, maximal airway
pressures during crying were significantly lower: the major
determinant of PImax was postconceptional age and of PEmax,
body weight at study.34 Smaller and lighter infants failed
extubation more frequently, but PImax

35,36 or maximal transdiaph-
ragmatic pressure during crying37 did not independently predict
extubation outcome. It should be noted that assessment of
respiratory muscle function by maximal static pressures is indirect
and effort-dependent; low values are not always indicative of
respiratory muscle weakness and the scatter of normal values is
relatively large.38

The tension time index (TTI) of the diaphragm or of the
aggregate of all the inspiratory muscles is the product of the ratio
of the mean inspiratory pressure (defined primarily by the
occlusion pressure) to the PImax times the ratio of the inspiratory
time to the total breathing cycle time.39 In concept, the longer the
inspiratory muscles contract during a breathing cycle and the
higher fraction of their maximum force they use, the less efficient
and more fatigue-prone they are. Higher TTI values signal
inefficient inspiratory muscle function and increased risk of
respiratory muscle fatigue under conditions of increased respira-
tory load. This index can either be measured based on the
transdiaphragmatic pressures measured via an indwelling oeso-
phageal catheter or non-invasively with pressure measurements at
the level of the mouth.36,40 As highlighted later in this review, both
techniques have been used to predict extubation outcome, as
ventilated infants who eventually fail extubation produce higher
TTI values.36,40

Phrenic nerve stimulation
Although not part of routine clinical care, direct and non-volitional
assessment of diaphragmatic function can be performed by
phrenic nerve stimulation and consequent measurement of the
phrenic nerve latency times,41 the evoked diaphragm EMG32 and
the transdiaphragmatic pressure.42 In a study that included
neonates with a median gestational age of 35 weeks, electrical
and magnetic stimulation of the phrenic nerve was used to assess
neonatal diaphragmatic function in a non-volitional manner.43

Transdiaphragmatic pressure values generated by magnetic
stimulation of the phrenic nerves are related to gestational age
at birth and postconceptional age at study.44 Infants with
abdominal wall defects and congenital diaphragmatic hernia
(CDH) exhibit a trend for prolonged latency times and increased
activation of the diaphragmatic EMG potential.45 It should be
noted, however, that technical difficulties might preclude the
application of magnetic stimulation in very small or very
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premature infants as the relatively large magnetic coil would be
difficult to apply in the small neck of a premature infant.
Furthermore, electrical nerve stimulation either via a needle or
via an indwelling wire is painful and might not be tolerated well in
this population. These difficulties might preclude the application
of this method in the clinical setting in the near future, but it
would be interesting, if the technical difficulties were addressed
(for example if a smaller magnetic coil was to become available),
to use this technique to study how diaphragmatic function is
affected in conditions such as prolonged mechanical ventilation or
in the presence of systemic or respiratory infection (Table 1).

Thoraco-abdominal asynchrony (TAA) and WoB
While in healthy individuals there is synchronous inward and
outward motion of the chest and abdomen, non-synchronous
movement of the two compartments occurs in TAA. The
asynchrony can be measured by respiratory inductive plethysmo-
graphy and quantified by the phase angle between the chest and
abdominal movement, when the relevant displacements are
synchronously plotted against time (Fig. 1).46 TAA and the

corresponding phase angle are not strictly indices of respiratory
muscle function but can be used to assess the WoB.32 Infants with
bronchopulmonary dysplasia (BPD) exhibit marked TAA,47 while
CPAP decreases TAA.48 When compared to healthy infants,
children who were diagnosed with severe BPD demonstrate a
different pattern of TAA in toddler age consisting of increased
thoracic inspiratory efforts and expiratory muscle activity.49 Unlike
infants without respiratory problems, mechanically ventilated
infants or infants in respiratory distress demonstrate pronounced
abdominal muscle activity during expiration.18 Furthermore, in
response to CO2 rebreathing, the abdominal muscles are recruited
in healthy preterm neonates.50 The degree of TAA and the
corresponding phase angle is significantly decreased in the
immediate post-feeding period in convalescent healthy neonates
compared to the period immediately before feeding.51

Relaxation rate of the respiratory muscles
When skeletal muscles contract against increased external loads,
their relaxation slows and fatigued muscle fibres take longer to
relax after contraction.52 The rate of relaxation can be measured

Displacement

Time��

Abdomen

Chest

Fig. 1 Chest and abdomen displacement over time. When the two compartments move in asynchrony (thoraco-abdominal asymmetry), the
phase angle (φ) between the movement of the two compartments can be calculated.

Pediatric TIS2.2 MI 0.8

M4

0

1

2

3
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5

6

100 mm/s 132 bpm

S8-3
82 Hz

60% 62%

7.0 cm

C 50
P Low
Gen

2D/MM

Fig. 2 Diaphragmatic ultrasound Sonographic image showing M-mode measurement of diaphragmatic thickness (between the two arrows)
and excursion of the right hemidiaphragm (bidirectional arrow) in a healthy term infant.
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by plotting the proximal airway pressure change over time.32 In 46
ventilated infants with a median gestation of 26 weeks, a
prolonged relaxation phase during spontaneous breathing was
used to accurately predict extubation failure independently of
gestational age or age at study.53

Diaphragmatic ultrasound
Point-of-care diaphragmatic ultrasound is emerging as a popular
bedside clinical tool in neonatal intensive care.54 Ultrasonographic
assessment of the diaphragm can be undertaken from the right
subcostal area, using the liver acoustic window to measure
diaphragmatic thickness in the zone of apposition as well as
diaphragmatic kinetics by M-mode ultrasonography and recording
the displacement of the diaphragmatic segments and velocity of
motion (Fig. 2)55–57 Normative data have been established in
healthy term infants.56 While diaphragmatic motion in healthy
infants occurs predominantly in the posterior segment, this
predominance is lost in mechanically ventilated and muscle-
relaxed infants.56 Following hypercapnia and induced fatigue by
phrenic nerve pacing in piglets, the inspiratory velocity of the
diaphragm decreased significantly, finding that reversed during
recovery.57 The median diaphragmatic thickness was higher in 33
term compared to 33 preterm infants highlighting increasing
skeletal muscle mass with increasing maturity but the diaphrag-
matic shortening fraction was not different between the two
groups.58

Ventilator waveforms
Although the ventilator waveforms are not methods to
specifically assess respiratory muscle function, some valuable
information can be indirectly obtained by observing these
graphics at the cot side. Asynchrony between the patient and
the ventilator can be observed in the flow versus time waveform
as delayed triggering, ineffective inspiratory effort that fails to
trigger a mechanical breath or as presence of two or more
mechanical breaths delivered during a single respiratory
effort.59 A prolonged time taken by the pressure waveform to
return to baseline following a spontaneous breathing effort
describes impaired respiratory muscle function and impeding or
established muscle fatigue.53

RESPIRATORY MUSCLE INDICES TO PREDICT READINESS FOR
EXTUBATION AND WEANING FROM NON-INVASIVE SUPPORT
Although respiratory muscle indices are not the only predictors of
extubation outcome, impaired respiratory muscle function pre-
extubation has been assessed as a possible predictor of
extubation failure, especially in premature infants that often fail
to successfully wean off invasive support.60 Eighteen ventilator-
dependent preterm infants with respiratory distress syndrome
were studied for 24 h before and after an attempt at extubation.
The infants that were successfully extubated had a greater
maximal inspiratory force before extubation compared to the
ones that failed extubation.61 Dimitriou et al. measured the
maximum inspiratory pressure during airway occlusion in 36
infants with a median gestational age of 31 weeks and reported
that the 7 infants who failed extubation generated lower
maximum inspiratory pressures than the ones who succeeded,
but gestational and postnatal age were better predictors of
extubation failure.35 Currie et al. measured the TTI in 20 ventilated
infants, with a median gestational age of 31 weeks prior to
extubation and reported that the five infants that failed
extubation had significantly higher values than the successfully
extubated infants.36 Bhat et al. in a follow-on study of the same
group with 60 infants and a median gestational age of 35 weeks
reported that both the invasive diaphragmatic and the non-
invasive respiratory muscle TTI were higher in infants who failed
extubation but did not perform significantly better in predicting

the outcome of extubation than gestational age or birth weight.62

Another study, though, by Dimitriou et al. of 56 preterm infants
reported that the TTI of the diaphragm had zero false-positive or
false-negative results in predicting extubation outcome.40 These
differences could be explained by population characteristics as the
study of Bhat et al. included more mature infants with a median
gestation of 35 weeks compared to 30 weeks in Dimitriou et al. It
is plausible that the reason for extubation failure in more mature
infants could be less related to immaturity and impaired muscle
function and more to other comorbidities, such as infection or
congenital anomalies.
A study of 46 mechanically ventilated infants with a median

gestational age of 26 weeks reported that a respiratory muscle
time constant of relaxation that increased >1.02 s/cm H2O during
spontaneous breathing predicted extubation failure with 94%
sensitivity and 83% specificity.53 In a group of 43 ventilated infants
<32 weeks of gestation that underwent sonographic evaluation of
the diaphragmatic thickness and excursion as a predictor for
successful extubation, the infants who succeeded had a sig-
nificantly higher diaphragmatic thickness and excursion, com-
pared to infants who failed extubation.63

Respiratory muscle assessment can also be used in titrating
non-invasive respiratory support during weaning. In a group of
59 stable preterm infants with a mean gestational age of 29 weeks,
weaning from nasal CPAP to low-flow nasal cannula at 1 l/min was
associated with an increase in the EMG amplitude and infants
failing the weaning attempt tended to have a higher diaphrag-
matic activity than the ones who were successfully weaned.64 In
another study of 18 infants of a median gestation of 27.8 weeks
measured at a median postnatal age of 54 days, the mean
amplitude of the EMG was not different at high flow rates of 4, 6
and 8 l/min.65

FACTORS THAT IMPACT ON RESPIRATORY MUSCLE FUNCTION
Respiratory muscle function is influenced by epidemiological
factors such as gestation age and weight, as described earlier in
this review.31,33,44 In REM sleep, intercostal muscle tone was lost66

and post-inspiratory diaphragmatic activity was reduced.67 Thus,
the expiratory flow braking mechanisms were disabled leading to
a relative loss of FRC. On the contrary, hyperinflation and
increased FRC, in the context of meconium aspiration syndrome
or ventilator-induced overexpansion, could place the respiratory
muscles at a mechanical disadvantage, as marked hyperinflation
would force the diaphragm to flatten and displace caudally.68 This
lead to a decreased zone of apposition and decreased force-
generating capacity based on the force–length relationship of the
diaphragm, where the optimal length at which the greatest force
output of the diaphragm was generated, corresponded to a lung
volume marginally lower than the FRC.69 Finally, infants with
chronic lung disease, in an effort to counteract distorted lung
mechanics and decreased FRC, maintained normal lung volumes
by starting to inspire earlier in the respiratory cycle.29

Gas exchange
Respiratory muscle dysfunction, evidently, can be the cause of
hypercapnia,70 but hypercapnia can also impact respiratory
muscle function. Piglet experiments have demonstrated that
severe hypercapnia has a depressant effect on diaphragmatic
force output71 and acute hypoxaemia impaired the capacity of the
developing diaphragm to generate force, with young piglets
being more resistant to the depressant effects of hypoxaemia,
when compared to their older counterparts.72 Hypercapnia and
diaphragmatic fatigue had a synergistic negative effect on
diaphragmatic function, as assessed by ultrasonography.57 In
seven adult humans, hypercapnia did not intensify long lasting
fatigue but reduced the diaphragm contractility, which was
assessed by measurement of the maximal inspiratory pressure.73
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Posture
Prone position has been shown to decrease the degree of TAA,
compared to supine.74 Prone position was associated with
decreased TAA and WoB in non-ventilated premature infants.75

However, PImax was higher in the supine position in late preterm
infants, probably due to increased lung volume and greater
diaphragm shortening in the prone position.76 Occlusion pressure
and PImax were lower in the prone, compared to the supine
position.77 Convalescent premature infants loaded with CO2 and
studied prone and supine demonstrated a higher FRC and
occlusion pressure in the supine position compared to prone.78

Finally, the effect of posture on oxygenation and on the WoB,
assessed by the measurement of the diaphragmatic pressure–time
product (PTP), in convalescent preterm infants was examined.
Forty infants were studied in the supine, supine with tilt of 45° and
prone positions in a random order, and the WoB was lower in the
prone than in the supine position and this could be a possible
explanation for the higher oxygen saturation in the prone
position.79

Genetic factors
The I-allele of the angiotensin-converting enzyme (ACE) gene has
been associated with superior muscle metabolic performance80

and muscle endurance.81 The TTI of the respiratory muscles was
lower in infants with I/I ACE genotype compared to infants with
one or none of the I-allele indicating an increased effectiveness of
inspiratory muscles of infants with the I/I ACE genotype, due to a
lower energy demand and thus to a lower risk of respiratory
muscle fatigue, under conditions that increase inspiratory load.82

Mechanical ventilation
Brief mechanical ventilation in rats resulted in reduced diaphrag-
matic weight and force-generating capacity compared to non-
ventilated matched controls.83 Infantile diaphragms that under-
went prolonged ventilation exhibited disuse atrophy, denervation
atrophy and failure of normal growth and maturation.84 Newborn
lambs that were ventilated for a mean of 8 h exhibited rapid-onset
diaphragm dysfunction manifested by decreased myofibrillar
force generation and increased autophagy consistent with
ventilator-induced diaphragmatic dysfunction.85

The electrical activity of the diaphragm measured by transcu-
taneous EMG in 32 preterm infants with a mean gestation age of
28 weeks transitioned from nasal CPAP to high flow nasal cannula
was similar in the first 3 h after transitioning.86 Increasing the level
of CPAP from 4 to 6 cm H2O was associated with enhanced
respiratory muscle function measured with the relaxation rate of
the respiratory muscles in 38 ventilated infants with a median
gestational age of 27 weeks, but there was no further benefit from
increasing the pressure to >6 cmH2O.

87 Compared to intermittent
mandatory ventilation, patient-triggered ventilation decreased the
WoB imposed on the respiratory muscles as measured by the area
delimited by the curve of oesophageal pressure versus tidal
volume.88 The PTP has been used to estimate the mechanical WoB
with higher values signifying increased WoB. Comparing the PTP
in CPAP and synchronised intermittent mandatory ventilation
(SIMV) during weaning indicated superior efficiency of SIMV
during weaning.89 The PTP was higher in volume-targeted
ventilation targeting volumes <4ml/kg.90 Targeting tidal volumes
>6ml/kg produced lower PTP (decreased WoB) compared to
triggered ventilation without volume targeting.90 Similarly, SIMV
with pressure support resulted in decreased WoB compared to
SIMV without pressure support.91 Vervenioti et al. studied the PTP
of the diaphragm in 40 preterm ventilated infants in the phase of
weaning from invasive support and reported that assist control
ventilation resulted in lower WoB than intermittent mandatory
ventilation, while the assist control mode was further associated
with a lower PTP of the diaphragm compared with SIMV.92

Weaning from nCPAP to low-flow nasal cannula was associated

with an increase in diaphragmatic activity measured by diaphrag-
matic EMG and was most prominent in preterm infants failing the
weaning attempt.64 With regards to mechanical ventilation, in
conclusion, synchronised and volume-targeted modes are asso-
ciated with a lower WoB compared to non-synchronised and
pressure-limited modes, respectively.

Pharmacological agents
Aminophylline increased diaphragm excursion and improved the
coordination of the upper-airway muscles with the diaphragm in
premature newborn infants.93 Caffeine increased PImax and PEmax

in premature neonates within 6 h of administration.94 Caffeine
administration in 30 spontaneously breathing preterm infants with
a mean gestational age of 29 weeks, resulted in a rapid (within
5 min) increase in the amplitude of transcutaneous EMG of the
diaphragm, which was maintained until 120 min after caffeine
administration.95 A loading dose of caffeine citrate given to 32
ventilated infants with a median gestational age of 29 weeks
caused only a transient increase in the amplitude of the EMG
peaking at 25min post administration.96

Halothane anaesthesia in infants resulted in increased TAA,
probably because of the effect of the agent on the intercostal
muscles and the loss of their stabilising action.97 Administration of
steroids in newborn animals resulted in diaphragm atrophy and
reduction in diaphragm force, weight and endurance.98,99

Antenatal maternal betamethasone treatment caused postnatal
diaphragmatic dysfunction at 21 days of age, which was attributed
to protein loss and impairment of the anabolic signalling pathway
in a rat study.100 Non-depolarising neuromuscular blocking
agents, which are frequently used in neonatal intensive care,
directly inhibited respiratory—and all other skeletal—muscle
function and caused cephalad diaphragmatic displacement in
response to unopposed intra-abdominal pressure.101

Vitamin A might play a beneficial role in neonatal diaphrag-
matic function. Preterm ventilated lambs that were treated with
daily enteral vitamin A exhibited decreased diaphragmatic
proteolysis and oxidative injury compared to placebo-treated
ventilated controls.102

Congenital anomalies
Infants with surgically corrected CDH and gastroschisis had lower
transdiaphragmatic pressure following magnetic phrenic nerve
stimulation, due to malnutrition and impaired in utero develop-
ment.42 Furthermore, reduced phrenic nerve conduction accom-
panied reduced diaphragmatic strength in CDH.45 When seven
children with repaired CDH were studied at 5 years of age, they
demonstrated normal values of transdiaphragmatic pressure
during crying and normal diaphragmatic TTI.103

Infection
In a study of 62 ventilated newborn infants, respiratory muscle
function assessed by the respiratory muscle rate of relaxation was
negatively affected in the ones with previous systemic or
respiratory infection, independently of gestational age at birth.104

In utero inflammation might also play a role. Preterm ewes
delivered to mothers that received intra-amniotic injections of
endotoxin before delivery exhibited impaired diaphragmatic
contractility, enhanced diaphragmatic proteolysis and atrophy
compared to placebo-treated controls.105

NEURALLY ADJUSTED VENTILATOR ASSIST (NAVA)
NAVA is a relatively novel mode of ventilation where the level of
the delivered respiratory support is proportional to the electrical
activity of the diaphragm, which is reflective of the neural
respiratory drive. NAVA uses a nasogastric tube with a distal
electrode array, which measures the electromyogram of the
diaphragm (Edi) acting as the signal used to trigger the ventilator
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and determines the level of support in each inflation.106 When
NAVA was compared to assist control ventilation in nine infants
with evolving or established BPD and median gestational age of
25 weeks, NAVA improved oxygenation indices.107 Hunt et al.
similarly compared NAVA and proportional assist ventilation in 18
infants born <32 weeks of gestation with evolving or established
BPD and reported that there was no significant difference in the
mean oxygenation index between the two modes, but the mean
alveolar–arterial gradient was better on NAVA.108 NAVA can also
be used as a non-invasive modality. Forty infants with a
gestational age of 28–36 weeks requiring CPAP for respiratory
distress were randomised to non-invasive NAVA or CPAP and the
authors reported that, after 12 h of treatment, the mean FiO2

requirement and need for invasive ventilation did not differ
between the two groups.109 Recently, a new non-invasive
ventilation mode, which continuously adjusts the pressure
support proportionally to the diaphragm electrical activity (Edi),
was assessed in a cross-over feasibility study. This modality is
different to NAVA in that no distinction is made between
inspiration and expiration. The authors studied 20 infants of a
mean gestation of 28 weeks and reported that, compared to non-
invasive positive-pressure ventilation (NIPPV), the new device was
well tolerated and 83% of the breaths were synchronised
compared to 9% during NIPPV.110 Finally, transcutaneous dia-
phragmatic EMG was used for breath detection in spontaneous
breathing preterm infants and provided similar breath detection
with the Graseby capsule but with the advantage of detecting the
onset of inspiration earlier.111

OTHER INTERVENTIONS TO ALLEVIATE THE WOB
Other interventions that might alleviate the WoB by unloading the
neonatal respiratory muscles include inspiratory muscle training
(IMT), abdominal binding, suctioning and diuretic therapy.
Successful weaning from prolonged mechanical ventilation with
improved respiratory muscle strength has been reported with
IMT.112,113 It should be mentioned, however, that these intriguing
results are the product of preliminary case reports and their results
should be confirmed in controlled studies before advocating
respiratory muscle training in preterm neonates, which could lead
to catastrophic respiratory failure. Decreasing asynchronous
abdominal motion by abdominal binding decreased the WoB
and stabilised the neonatal chest.114 Increased airway resistance
would increase the afterload of the respiratory muscles; thus,
airway suction and bronchodilation could theoretically decrease
the respiratory muscle load. Furthermore, diuretics and chest
physiotherapy could improve lung compliance and decrease the
respiratory muscle afterload.115

FUTURE RESEARCH CONSIDERATIONS
Since volume-targeted ventilation and high-flow nasal therapy
have become mainstream practice in neonatal clinical care,
future research could focus on describing optimal settings of
these modalities in reducing the WoB and facilitating transition
from invasive to non-invasive support or determining readiness
for transition from non-invasive support to fully unassisted
breathing. The synergistic effect of impaired nutrition and
steroid therapy on the WoB and the functional integrity of the
diaphragm and the accessory respiratory muscles could also be
investigated.

CONCLUSION
Pathophysiological and anatomical factors predispose newborn
infants to respiratory muscle impairment, muscle fatigue and
respiratory failure. More premature infants and those with lower
weight are especially prone to respiratory muscle dysfunction due

to limited functional reserves. The infantile diaphragm and thorax
are anatomically disadvantaged to handle an increased WoB. New
interest has emerged in methods of assessing respiratory muscle
function such as bedside diaphragmatic ultrasonography.
Mechanical ventilation, systemic or respiratory infection, congeni-
tal anomalies and pharmacological agents can also affect
respiratory muscle function.
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