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Abstract

Mechanical ventilation is a lifesaving treatment used to treat critical neonatal patients. It facilitates gas exchange,
oxygenation, and CO2 removal. Despite advances in non-invasive ventilatory support methods in neonates, invasive
ventilation (i.e., ventilation via an endotracheal tube) is still a standard treatment in NICUs. This ventilation approach
may cause injury despite its advantages, especially in preterm neonates. Therefore, it is recommended that neonatolo-
gists consider weaning neonates from invasive mechanical ventilation as soon as possible. This review examines the
steps required for the neonate’s appropriate weaning and safe extubation from mechanical ventilation.
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Background

Mechanical ventilation is a lifesaving treatment used
in critical neonatal patients. It is indicated when the
patient’s spontaneous ventilation is insufficient to sus-
tain life. Mechanical ventilation expedites and facilitates
gas exchange, oxygenation, and CO2 removal. Despite
advances in non-invasive ventilatory support methods,
intubation and mechanical ventilation are still common
treatments in NICUs.

A large cohort study in 2005 found that 89% of the
extremely low birth weight (ELBW) neonates were
treated with mechanical ventilation in the early days
of life, and 95% of the neonates that survived in this
group had a history of invasive (i.e., via an endotracheal
tube) mechanical ventilation during hospitalization [1].
Another cohort study reported that 74% of the neonates
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born before 28weeks of gestational age were intubated
and received surfactants during hospitalization [2].

This treatment method, despite its advantages, may
cause injury. Reported complications include ventila-
tor-induced lung injury (VILI) [3], ventilator-associated
pneumonia (VAP), tracheal injuries, and neurodevel-
opmental impairment [4]. Therefore, it is now recom-
mended that neonatologists consider weaning premature
neonates from mechanical ventilation as soon as possi-
ble [5].

About 20 years ago, the American College of Chest
Physicians recommended protocols for weaning adult
patients from respiratory support machines. These guide-
lines were prepared according to randomized controlled
trials (RCTs) that showed improved outcomes for adults
managed using these protocols [6]. However, it is inap-
propriate to apply adult data to term and premature neo-
nates due to the immature control of ventilation, unique
lung physiology, ventilation mechanics, and types of lung
disease found in newborns.

In 2009, Hermeto, in an observational study conducted
in Canada, showed protocols for managing an intubated
neonate with a birth weight of 1250 g or less and using
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objective criteria for weaning, extubation, and reintu-
bation resulted in a marked improvement in outcomes.
Protocol use led to earlier extubation, lower extubation
failure rates, and reduced time on mechanical ventilation
in days [7]. In 2011, a systematic review by Blackwood
et al. showed that using protocols for weaning neonates
from mechanical ventilation reduced the length of hos-
pital stay and length of time on mechanical ventilation
[8]. However, Bas Bol et al. conducted a review in 2020
and found that weaning protocols in neonates were used
in a small percentage of patients and had contradictory
results [9]. In general, these studies have supported the
need for protocols in NICUs; however, more RCTs are
required to evaluate the effects on preterm neonates.
Although there are several mechanical ventilation strat-
egies for neonates, new neonatal ventilator modalities,
such as auto-weaning from invasive ventilation, make it
challenging to formulate a universal protocol that will
serve all patients and providers. Nonetheless, evidence-
based medicine can be used to design some guidelines
and protocols for specific groups of patients.

Main text

Ventilation modes and strategies

With rapid technological advances and new ventila-
tion modes for neonates, neonatologists can choose
various options. However, the most widely used ventila-
tory modes for treating neonates are pressure-targeted
(assist-control [A.C.] and synchronized intermittent
mechanical ventilation [SIMV] ), volume-targeted, and
high-frequency ventilation.

Pressure targeted ventilation

This method has been used to treat respiratory failure
in preterm neonates for decades. The basic principle of
pressure-targeted ventilation is to create enough pressure
to open the airway, overcome the respiratory tract and
lung parenchyma’s resistance, and finally, result in the gas
flow to the alveoli. The gas volume that reaches the alve-
oli depends on lung compliance, inspiratory pressure and
time, flow, and synchronization of the ventilator with the
baby’s spontaneous breaths [10].

In this type of mechanical ventilation, weaning starts
with reducing peak inspiratory pressure (PIP) and rate.
The amount of reduction in PIP and rate depends on
lung compliance. The respiratory rate usually decreases
gradually to 10-15 breaths/min; however, many new
guidelines support extubation at higher respiratory rates
(> 20 breaths per minute) if the respiratory drive is good.
PIP may be reduced simultaneously, but it should not be
reduced to the extent that tidal volume falls below 4-5
ml/kg unless spontaneous ventilation supplements the
minute volume.
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In SIMYV, spontaneous breaths beyond the SIMV rate
are not supported, which may result in unwanted tidal
volumes and increased work of breathing. This condition
is more common during weaning, i.e., when the SIMV
rate decreases and unsupported spontaneous breaths
increases. It is more critical in ELBW neonates with nar-
row ETTs because resistance is inversely proportional to
the 4™ power of the internal radius of the ETT (Poisuille’s
Law). The high resistance of airways and small diam-
eter ETTs, poor muscle power, and excessive chest wall
compliance in neonates results in small ineffective tidal
volumes, increasing dead space, and reduced adequate
alveolar ventilation.

Despite these considerations, many physicians still
prefer SIMV for weaning neonates; based on this tradi-
tional belief, lower respiratory rates in this mode are less
harmful and that decreasing the mechanical rate will
strengthen the spontaneous muscle activity for breath-
ing. Nonetheless, it has been shown that excess tidal
volume causes overexpansion and direct lung injury
without considering the pressure required to produce
them. Therefore, although more breaths are delivered in
the A.C. mode, they may be less harmful since the tidal
volume is 33% less. Another controversy is that support-
ing each breath wastes the opportunity to strengthen the
respiratory muscles, which fails to consider the complex
neonate-ventilator interaction during synchronized ven-
tilatory support. In synchronized ventilation, tidal vol-
ume is produced due to a combination of the patient’s
respiratory effort (negative intrapleural pressure) and a
positive pressure generated by the ventilator. This com-
bined respiratory effort (ventilator pushing-baby pulling)
produces a transpulmonary pressure that, along with the
respiratory system compliance, results in a given tidal
volume. However, depending on the synchronization
method (flow, Graseby capsule, neurally adjusted ventila-
tory assistance [NAVA], etc.), only 50-80% of breaths are
truly synchronized; in a time cycle, the inspiration ends,
and expiration begins, even if the neonate is still in the
inspiration phase, so only the inspiration phase is syn-
chronized with the patient.

As the PIP decreases during weaning, the neonate
gradually takes on more breathing work, which may
strengthen the respiratory muscles. Moreover, the ven-
tilator pressure is reduced when it overcomes the added
resistance of the ETT and circuit, indicating readiness
for extubation. At this point in small preterm neonates,
it is better to add additional support or Pressure Support
(PS)to SIMV when the rate falls below 30/min, which will
reduce the work of breathing and make weaning faster.

Some studies have recommended NAVA mode in
cases with difficult weaning. Electrical signals from the
diaphragm are detected in the NAVA system triggering
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respiratory assistance, which is applied simultaneously
with the diaphragmatic movement. The synchronized
respiratory support with the infant’s spontaneous efforts
may facilitate weaning in these neonates [11].

Volume Targeted Ventilation (VTV)

When tidal volume instead of pressure is the primary
control variable with conventional mechanical ventila-
tion, pressure reduction occurs automatically in response
to the neonate’s compliance improvement and increased
respiratory effort. This decrease in respiratory support
occurs in a real-time and continuous manner instead
of reacting to intermittent ABG sampling and changing
the ventilator settings, and therefore, it may accelerate
weaning.

Klingenberg et al., in a Cochrane meta-analysis regard-
ing volume guarantee and VTV in infants of less than 44
weeks post-conceptual age, showed that the volume-tar-
geted modes markedly reduced the duration of mechani-
cal ventilation compared to pressure-targeted modes.
Meta-analysis performed on the skewed data gave a
mathematical mean deviation of -1.35 days (95% CI -1.83
to -0.86) of reduced duration of ventilation using VIV
[12].

VTV is the most widely used invasive ventilation mode
in premature neonates due to its apparent benefits in
reducing mortality, bronchopulmonary dysplasia (BPD),
intraventricular hemorrhage (IVH), and length of time
on mechanical ventilation. The tidal volume setting can
vary between 4 and 12 ml/kg in different disease states
due to differences in underlying pathology, lung compli-
ance, and resistance [10, 13], although the higher tidal
volumes are associated with increased morbidities.

As noted above, in this ventilatory mode, the ventila-
tory support is reduced automatically, and the required
pressure to achieve the set tidal volume is decreased as
pulmonary compliance improves. However, if the target
tidal volume is reduced below average physiologic values,
the work of breathing increases disproportionately.

Long-term ventilator-dependent neonates need larger
tidal volumes over time secondary to increased anatomic
and/or physiologic dead space for multiple reasons,
including acquired tracheomegaly and segmental atelec-
tasis. Moreover, considering the heterogeneous aera-
tion of the lungs, the tidal volume should not generally
fall below four to five ml/kg during weaning to prevent
increasing the work of breathing [14].

Ventilation with a high tidal volume may cause alveo-
lar injury and volutrauma. On the other hand, delaying
extubation until a very low tidal volume causes atelecta-
sis and alveolar collapse, affects the extubation outcome
and increases the chance of extubation failure. Gupta
et al. have shown that neonates weaned from mechanical
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ventilation successfully had higher tidal volumes before
extubation, and the amount of tidal volume at the time of
extubation could predict extubation success with moder-
ate sensitivity and specificity [15].

Desirable tidal volumes for weaning are still debated
and depend on numerous factors such as gestational age
and disease state. During weaning, using low-volume
settings in VTV while decreasing the ventilator rate
increases the work of breathing; therefore, a tidal volume
of 5-7 ml/kg is recommended [10].

Although extubation failure depends on several param-
eters, one of which is tidal volume, a lower than normal
tidal volume before extubation has been associated with
an increase in the failure rate [14].

High-Frequency Ventilation (HFV)
Although many physicians change the mode from HFV
to conventional ventilation in the weaning process, it is
possible to extubate the patient directly from HFV.
Clark’s study compared the two ventilatory strategies
using HFOV and conventional ventilation. The eligible
population was premature neonates weighing less than
1751 grams birth weight with respiratory distress syn-
drome (RDS). The study revealed a lower chance of BPD
in neonates who remained on high-frequency oscilla-
tory ventilation (HFOV) until extubation compared to
neonates who were switched to SIMV after 72 hours of
HFOV [16]. Similarly, Courtney et al. showed a lower
chance of BPD and a shorter length of days on mechani-
cal ventilation in neonates treated with HFOV in the first
two weeks after birth until extubation [17]; however, a
Cochrane review did not confirm these findings [18].

Assessment of extubation readiness

Extubation failure (defined as the need for reintubation
in the first 2-7 days after extubation) has been reported
as high as 10-80% in different populations of VLBW
infants [19]. Different tools, such as estimators and
machine learning approaches, have been used to evaluate
extubation readiness in neonates in recent years. Despite
advances in the mechanical ventilation of neonates, it is
still a challenge to identify whether a neonate is ready
for extubation. Meticulous serial evaluations of readi-
ness for extubation are essential in weaning neonates
from mechanical ventilation since prolonged mechanical
ventilation is harmful, but early extubation may be asso-
ciated with respiratory failure, reintubation, and some-
times tragic complications.

Prediction of the extubation outcome is a complex
process that depends on several parameters, such as suf-
ficient neural signals and neuromuscular synapses, the
functional capacity of respiratory muscles, and the pri-
mary pathology of the lung. Univariate and multivariate
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models have been designed to evaluate extubation readi-
ness; however, no accepted model has yet been developed
[19]. The most critical aspect of discontinuing respira-
tory support is improving the underlying cause of res-
piratory failure and its complications. Once an adequate
gas exchange is achieved with a low PEEP and FiO2 in a
hemodynamically stable neonate and respiratory drive
shifts towards spontaneous breathing, the neonate is
ready to discontinue invasive mechanical ventilation and
extubation.

Clinical assessment

Different methods and techniques have been used for
the clinical assessment of neonates before and following
extubation. Recent cohort studies have shown that extu-
bated neonates successfully were heavier, more mature,
and required less oxygen within the first 24 hours of birth
and before extubation than the failed cases. Moreover,
the successful extubation group had lower PCO2 lev-
els, mean airway pressure (MAP), and higher pH values
before extubation [20, 21].

Several studies assessed the Tension-Time Index (TTTI),
which evaluates respiratory muscle strength, as a tool for
determining extubation readiness. In a study of 20 neo-
nates born at 24-39 weeks’ gestation receiving mechani-
cal ventilation in 2011, Currie found that the TTI of the
diaphragm and respiratory muscles predicted extubation
success with high sensitivity and specificity. The results
also showed diaphragmatic dysfunction in neonates
with extubation failure [22]. However, subsequent stud-
ies showed that TTTI is less sensitive than gestational age
and birth weight in predicting extubation readiness, and
its use was not recommended in clinical practice [21, 23].

Minimal ventilator settings before extubation is one of
the parameters used to signal the readiness of neonates
for extubation; however, there is currently no consensus
for the definition of minimal settings in preterm neo-
nates. In the APEX cohort study, neonates were extu-
bated from different settings and parameters, including
MAP of 5-14 cmH20, FiO2 requirements from 21% to
53%, and PCO?2 levels from 22 to 69 mmHg [23]; no sig-
nificant difference was observed in the success of extu-
bation. Therefore, it seems impractical to determine
specific parameters as the appropriate minimal settings
to attempt extubation [24]. Some physicians prefer early
extubation within the first days of life, but others pre-
fer to delay extubation until the neonate becomes more
mature and has achieved positive nutritional nitrogen
balance before attempting extubation. However, retro-
spective studies have shown a significant relationship
between early extubation and improved outcome [25,
26]. In some studies, delayed extubation beyond 3-7 days
after birth was associated with an increased risk of BPD
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and a worse outcome [27]. Overall there is no definite
evidence for determining an optimal time for extubation.

Spontaneous breathing trial

Spontaneous breathing trials (SBT) of 30-120 minutes
for assessing readiness for extubation have proved effec-
tive in adults and are evidence-based [28]. Several studies
have evaluated this method in neonates and found that
neonates who underwent SBT were extubated faster than
those only assessed clinically. According to these studies,
SBT has high sensitivity and positive predictive value but
low specificity and negative predictive value in evaluating
the neonates’ readiness for extubation. Therefore, despite
its low costs and availability, SBT cannot be considered a
test with accurate results in assessing the neonates’ readi-
ness for extubation [24, 29-31]. The ability of SBT to pre-
dict success may be due to the increased resistance and
dead space of the endotracheal tubes in small premature
on CPAP, which increases the work of breathing. Those
that can tolerate this added work will have a greater
chance of being successfully extubated. Moreover, the
time and level of appropriate post-extubation CPAP and
the failure criteria are unclear, and more extensive studies
are needed. Other techniques, such as measuring minute
ventilation on CPAP for 10 minutes and comparing it to
the minute ventilation on mechanical ventilation before
the CPAP trial, have reported increased extubation suc-
cess [32].

Autonomic nervous system (ANS) function

Evaluating the ANS function during weaning can provide
valuable information about physiopathological imbal-
ance. A lack of heart rate variability (HRV) in preterm
neonates has been associated with sepsis and a worse
clinical outcome [33]. Kacsmarele et al. studied 47 pre-
term neonates weighing under 1250 g in 2013 and found
a markedly lower HRV in neonates that experienced
extubation failure. This test had a specificity and posi-
tive predictive value of close to 100%. However, this study
suggested that more research was needed to consider
HRYV as a tool for assessing extubation readiness in neo-
nates [34].

Several studies investigated the predictive ability of res-
piratory variability index (RVI) for successful extubation
and found lower RVI in patients with extubation failure.
In 2013, a review of 44 neonates showed that reduced
RVI in preterm neonates could predict extubation failure.
This study found that a combination of RVI and clinical
response to SBT had high sensitivity and specificity rela-
tive to either alone in predicting successful extubation
[35]. Shalish W. et al. in a prospective, multicenter study
designed an automated tool that analyzed by MATLAB
compiler for prediction extubation readiness in extremely
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preterm infants. the use of machine learning and auto-
mated RVI and HRV assessment methods in this tool
can reduce extubation failure from 20% to less than 5%,
and cost-effectivity of preventation of prolong ventila-
tion. However, more research on these indexes, which
use complex analyses over time, is needed to apply these
techniques to clinical practice [36].

Extubation checklists

Sur et al. published a review that provided checklists of
criteria that a neonate should meet 24 hours before extu-
bation. At the beginning of the shift, the physician should
inform the shift coordinator of the potential for extuba-
tion. Steps may be taken, such as implementing a trial on
CPAP, stopping feeding, SBT (optional), and changing to
pressure support (optional) two hours before the planned
extubation. CDP devices can be readied one hour before
extubation. Nursing care and observation of the neonate
for signs of increased work of breathing are performed
30 minutes before extubation, and finally, the neonate is
extubated [37]. These protocols may reduce the stressful
experience of extubation and reintubation, but there are
no generally accepted guidelines for these checklists.

Quality improvement (Q.l.) studies on the success

of extubation

Prasad performed a quality improvement study in 2018
to improve successful extubation. His research aimed to
reduce extubation failure. A Plan-Do-Check-Act (PDCA)
cycle tool was implemented. The rate of reintubation fol-
lowing extubation decreased from 41.7% (pre-protocol
period) to 23.8%. After data collection and brainstorm-
ing, the most likely causes of identified extubation fail-
ure were put into a fishbone diagram. The investigators
determined that most causes of failure are due to human
factors and method groups [38]. Nair et al. performed
a quality-improved intervention to reduce unexpected
extubation in neonates. They first identified SMART
goals and started quality improvement interventions.
This study shows that after implementing Q.I. interven-
tions, there was a significant decrease ;approximately 80%
in the unexpected extubation rates [39]. These studies
also show that familiarity with Evidenced-based Practice
for Improving Quality (EPIQ) can assist neonatologists in
reducing unplanned extubations and improving extuba-
tion success.

Post extubation management

After extubation, premature neonates may have inad-
equate respiratory drive and muscle strength to maintain
functional residual capacity (FRC). In addition, the neo-
nates’ vocal cords may become edematous during intuba-
tion, preventing effective grunting for a variable period
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after extubation. The inability to oppose the vocal cords
to generate endogenous distending pressure deprives the
baby of a mechanism that preterm neonates naturally
use to augment end-expiratory volume. For this reason,
it is necessary to provide a continuous distending pres-
sure (CDP) for all neonates immediately after extubation.
After extubation, different types of CPAP have been used
to provide this pressure for neonates, especially preterm
neonates. Furthermore, other non-invasive modalities
have been gradually employed to provide ventilatory sup-
port for neonates after extubation, such as non-invasive
positive pressure ventilation (NIPPV) and humidified
high-flow nasal cannula (HFNC). These latter modalities
may not generate as much positive end-expiratory pres-
sure as nasal CPAP.

It was previously believed that the pharyngeal pressure
generated by HENC is low and unstable, and HFNC can-
not create the required CDP. Evidence has shown that
failure following extubation with high-flow nasal cannu-
las is more significant than with traditional nasal CPAP.
Heated humidified HFNC (HHHENC) is associated with
more apnea, bradycardia, and increased work of breath-
ing after extubation [40, 41]. However, more recent stud-
ies have revealed contradictory results. Ramaswamy
et al., in a systematic review of 33 studies and 4080 neo-
nates, found that the effect of HFNC was similar to nasal
CPAP and that it was the safest and most comfortable
non-invasive modality for post-extubation with minimal
nasal trauma and air leak compared to other methods
[42]. Moreover, according to a Cochrane review regard-
ing the administration of HHHFNC in preterm neonates,
the effect of this modality on preventing treatment fail-
ure, CLD, and death was similar to other modalities with
less nasal trauma and pneumothorax [43]. Several studies
have supported these results; however, more evidence is
required to support the use of HHHENC for post-extuba-
tion care in neonates born before 28 weeks.

Synchronized and non-synchronized non-invasive pos-
itive pressure ventilation (NIPPV) are other modalities
for respiratory support of neonates after extubation. Syn-
chronized NIPPV can provide synchronized inflations
with the baby’s inspiration, known as SNIPPV.

Several studies have compared the efficacy of NIPPV
and nasal CPAP after extubation in neonates. In 2017,
a Cochrane review of 10 clinical trials comparing these
two modalities showed that NIPPV effectively reduced
extubation failure and reintubation but had no effect on
the incidence of chronic lung disease and mortality rate.
The meta-analysis demonstrated that the risk of extuba-
tion failure decreased statistically (typical RR 0.70, 95%
CI 0.60 to 0.80; typical RD -0.13, 95% CI -0.17 to -0.08;
NNTB 8, 95% CI 6 to 13; 10 trials, 1431 infants) and
required re-intubation (typical RR 0.76, 95% CI 0.65 to
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0.88; typical RD -0.10, 95% CI -0.15 to -0.05; NNTB 10,
95% CI 7 to 20; 10 trials, 1431 infants). Moreover, syn-
chronized NIPPV was more effective than non-synchro-
nized NIPPV or NIPPV provided by a bilevel device [44].
The findings of this review were confirmed by studies in
2020 and 2021 [42, 45]. Other studies that compared high
CPAP (between 9 and 14cmH20) and NIPPV showed
no difference in outcome and complications between
these two modalities. A multicenter clinical trial study
of 1440 neonates in 2019 showed that high CPAP could
have a similar effect to NIPPV and non-invasive HFOV
(NHFOV) in reducing the risk of extubation failure [46].
However, there are controversies about the use of high
CPAP since it has been associated with complications
such as air trapping and pulmonary air leaks. NIPPV
has been reported to be more effective than CPAP in 2
studies, but it should preferably be synchronized [45,
46]. Noninvasive Neurally Adjusted Ventilatory Assist
(NAVA) and NHFOV are other non-invasive ventilatory
support modalities used after extubation in neonates.
In cases where hypercapnia complicates extubation,
NHFOV may be more effective than NCPAP, but there
are few studies investigating this in neonates.

Apart from providing a proper CDP, other factors dur-
ing and after extubation may also play a role in the suc-
cess rate.

Permissive hypercapnia

Permissive hypercapnia (PH.) is an effective strategy
that permits relatively high levels of PCO2 to decrease
the incidence of VILI. Several studies have evaluated the
benefits of PH. during the weaning process to acceler-
ate extubation. It is hypothesized that preterm neonates
exposed to hypercapnia have a better respiratory drive,
and studies have shown fewer days of invasive mechani-
cal ventilation and lower rates of BPD [47, 48]. However,
although mild permissive hypercapnia has been con-
sidered safe in randomized controlled trials (RCTs) and
other studies, it has been reported to be associated with
little clinical benefit in preventing extubation failure [49].
The current PaCO2 values used as cut-offs are differ-
ent based on specific disease states, but several studies
defined P.H. as PaCO2 levels between 45 and 65 mmHg
as long as the pH remained 7.20 or higher. However, the
safe limits of PH. in the early days of life, when the risk
of intraventricular hemorrhage (IVH) is the highest, and
later in the chronic phase of BPD are not yet clear [50].

Permissive hypoxemia

Oxygen supplementation to preterm neonates is a com-
mon intervention. The existing knowledge on the range
of optimal oxygen saturation at different gestational ages
and postnatal ages and its effect on the weaning process

Page 6 of 12

is still debated. In the BOOST study, neonates in the high
02 saturation range (91-95%) received oxygen longer
than the low O2 group (85-89%); moreover, they were
more O2 dependent at 36 weeks’ postmenstrual age
(PMA) and received higher rates of home O2 therapy
without significant improvement in growth and neurode-
velopment. Furthermore, the BOOST-II study conducted
in the UK. and Australia found no marked difference in
mortality and disability between the two groups [51, 52].
In the Neonatal Oxygenation Prospective Meta-analy-
sis (NeOProM), a total of 4965 premature infants <28
weeks gestation were studied within the first 24 hours
after birth and found that the high O2 saturation range
increased the risk of ROP but decreased the incidence
of severe NEC and mortality [53, 54]. In 2020, Youstina
Hanna et al. studied 145 preterm infants and reported an
18% absolute reduction in BPD incidence in the higher
saturation target group (90 to 95%) compared with the
lower oxygen saturation target group (88 to 92%). Due
to the sigmoid shape of the oxyhemoglobin dissociation
curve, there are more significant fluctuations in the par-
tial pressure of arterial oxygen in the low O2 saturation
range, thus causing the weaning of oxygen to be delayed
in this group [55].

In summary, according to the results of several stud-
ies, a lower target SPO2 minimizes the severity and
prevalence of ROP and decreases the need for ventila-
tory support and oxygen supplementation despite a
slight statistically significant increase in mortality. Fur-
ther research is necessary to determine the effectiveness
of permissive hypoxemia in improving pulmonary out-
comes. However, many investigators believe that oxygen
saturation levels below 88% should be avoided in preterm
neonates.

Caffeine

Several studies have evaluated the effect of caffeine on
preterm neonates. In the CAP study, caffeine was admin-
istered to neonates weighing 500-1250 g in the first ten
days of life. More than half of the caffeine group neonates
received treatment while on mechanical ventilation. The
results revealed that extubation was earlier in 33% of
cases, and post-extubation apnea was reduced by 20% in
the caffeine group.

Secondary data analysis showed that neonates in the
caffeine group had shorter lengths of time on mechani-
cal ventilation, CPAP, oxygen therapy and lower BPD
rates. Subsequent studies have revealed that earlier caf-
feine administration was associated with faster weaning.
Although caffeine administration is safe and effective for
weaning in preterm neonates weighing under 1250 g,
these findings were secondary analysis results and should
be interpreted cautiously [56, 57].
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In 2010, a Cochrane systematic review found that caf-
feine administration before extubation increased the
chance of successful extubation and improved the devel-
opmental outcome of neonates treated with this medi-
cation. Extubation failure is reduced within one week
following treatment with Methylxanthines (summary RR
0.48, 95%CI 0.32 to 0.71; summary RD -0.27, 95%CI -0.39
to -0.15; NNT 4, 95%CI 3 to 7; six trials, 172 infants) [58].
Studies conducted in recent years have mainly focused on
the dose and timing of caffeine administration. A clinical
trial study published in 2018 showed that caffeine should
be initiated with caution in the first five days of life since
early initiation had no effect on accelerating weaning
and even increased mortality. Successful extubation age
after early caffeine treatment did not differ with control
groups (median, 24 days; IQR, 10-41 days VS, median, 20
days; IQR, 9-43 days; P=.7) [59]. Another clinical trial
published in 2021 reported different results. Accord-
ing to this study, caffeine administration at the initiation
of mechanical ventilation accelerated extubation with-
out causing complications [60]. This variation in results
is also seen in other cohort studies, and it seems that
clinical trials with larger studied populations and longer
follow-up times may help determine the optimal use of
caffeine. Petter Brattstrom et al. performed a systematic
review in 2019 and found that using a higher mainte-
nance dose of caffeine was associated with lower mortal-
ity and BPD rates [61]. These results have been confirmed
in other studies [62]. Based on multiple studies, caffeine
administration appears indicated, especially in very low
weight preterm infants at risk of apnea before extubation.

Postnatal corticosteroids

Several studies have investigated the effectiveness of
postnatal corticosteroid administration on premature
neonates with RDS. The results showed the effect of cor-
ticosteroids on facilitating extubation, BPD-free survival,
and other outcomes [63—66]. According to these studies,
treatment with low-dose hydrocortisone in the first two
weeks of life increased BPD-free survival, especially in
neonates born with prenatal inflammation.

Studies showed that high-dose dexamethasone (0.5
mg/kg/day) reduced the prevalence of BPD but was asso-
ciated with several short-term and long-term complica-
tions, including neurodevelopmental delays. In general,
high-dose corticosteroid therapy is not better than low-
dose treatment.

The AAP, in a Policy Statement in 2010, advised: first,
a high dose of dexamethasone (about 0.5 mg/kg/day)
has been shown to reduce the prevalence of BPD but
was accompanied by several long and short-term com-
plications. Second, low-dose dexamethasone (less than
0.2 mg/kg/day) facilitates extubation without high-dose
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therapy’s long and short-term complications. Third: treat-
ment with low-dose hydrocortisone (1 mg/kg/day) in the
first two weeks of life improved BPD-free survival, espe-
cially in neonates born with prenatal inflammation with-
out an increase in neurodevelopmental delays. However,
physicians should be aware of the increased risk of intes-
tinal perforation associated with the concomitant use of
prostaglandin inhibitors. Fourth there is insufficient data
regarding treatment with high-dose hydrocortisone.

Twenty-one RCTs of postnatal corticosteroid use ana-
lyzed in a review article showed an unfavorable risk/ben-
efit ratio in neonates with mild disease. In contrast, the
outcome of late corticosteroid administration was favora-
ble for cases where the baby cannot be weaned from
mechanical ventilation [67].

Several studies have investigated the timing of corti-
costeroid administration (early administration within
the first seven days of life versus later administration).
In these studies, administration after the first week
effectively facilitated extubation and reduced BPD. This
protocol caused fewer neurodevelopmental complica-
tions; despite accelerating extubation with corticosteroid
administration in the first eight days, it was associated
with several short-term difficulties, including G.I. bleed-
ing, intestinal perforation, hyperglycemia, hypertension,
cardiomyopathy, and short-term growth disorder. More-
over, long-term complications such as neurodevelop-
mental disorders and cerebral palsy were more common
with this treatment method [63, 67—-69].

Corticosteroids can also be used during the wean-
ing process and after extubation to treat stridor, a rela-
tively common occurrence after neonatal extubation that
increases the risk of extubation failure in extremely low
birth weight (ELBW) neonates. The risk factors for stri-
dor include prolonged mechanical ventilation, multiple
intubations, and history of extubation failure. While a
Cochrane review in 2008 showed that corticosteroids had
no confirmed role in the prevention or treatment of post-
extubation stridor in neonates and children [70], subse-
quent evaluations revealed that corticosteroids were an
acceptable treatment in post-extubation stridor [71].

Nonetheless, although corticosteroids, even at lower
doses, can be effective in the weaning process, risk-bene-
fit assessments should be done, and the physician should
use clinical judgment to maintain the balance between
positive effects on lowering the incidence of BPD and
side effects in each patient. The U.S. National Institute
of Child Health has developed a BPD outcome calculator
which may assist in predicting which infants may benefit
from postnatal steroids with a sensitivity of 84%-92% and
77%-80% specificity at risk more than 37% in 14 days [72].

If corticosteroid therapy is necessary, it should be pre-
scribed for a short time, and the risks and benefits should
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be discussed with parents. Using inhaled, intra-nasal, or
intra-tracheal corticosteroids is also acceptable, but more
evidence is needed. The AAP advises against the routine
use of corticosteroids in early-stage RDS to prevent BPD
and shorten mechanical ventilation time [73].

Diuretics
Several studies indicating improved lung mechanics fol-
lowing the administration of diuretics have resulted in
the use of furosemide, thiazide, and spironolactone for
neonates with BPD and/or RDS; however, little evidence
supports their administration in preterm neonates [74,
75]. The use of diuretics in RDS or BPD has been based
on the hypothesis that these patients suffer from pul-
monary interstitial edema resulting in increased fluid
accumulation in the alveoli, and fluid restriction and
short-term use of diuretics will benefit them. However,
the effect of diuretics on the length of ventilatory support
and oxygen supplementation, length of hospital stay, pos-
sible complications, and the long-term outcome has not
been demonstrated in multiple trials.

The possible benefits of these drugs should be weighed
against their known side effects before making routine
administration decisions [76].

Chest physiotherapy

Mechanical ventilation increases pulmonary secretions
and causes atelectasis, which is associated with adverse
outcomes in neonates. It is hypothesized that chest
physiotherapy, including percussion and vibration before
and after extubation, may facilitate the removal of these
secretions and improve pulmonary function [77]. How-
ever, a Cochrane systematic review in 2010 showed that
chest physiotherapy had no effect on reducing pulmo-
nary secretions, and there was no evidence for its use.
Moreover, this review did not refute or confirm compli-
cations such as IVH secondary to chest physiotherapy
[78]. Chest physiotherapy may effectively prevent atelec-
tasis, but the available data are inconclusive.

Optimal nutritional support

The role of nutrition in facilitating extubation has not
received adequate study. However, it seems logical that
neonates should be provided with aggressive nutritional
support during intubation to prepare them for the post-
extubation phase.

Developmentally supportive care

Rashwan’s study on 62 mechanically ventilated neonates
showed that the mechanically ventilated neonates placed
in a side-lying position and neonates wrapped with a
mother-scented simulated hand had significantly lower
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distress, neonatal pain, and higher mean SpO2 values.
Implementing these techniques postulates that it would
be easier to separate the baby from the device (i.e., ven-
tilator) by improving oxygenation [79]. More studies on
these and other supportive care are needed.

Extubation failure
Prolonged mechanical ventilation strongly correlates
with increased morbidity and mortality in preterm neo-
nates, which is why neonatologists tend to wean neo-
nates from mechanical ventilation as soon as possible.
Most preterm neonates are easily extubated following
short-term mechanical ventilation, but some experience
reintubation for several reasons. It is unclear whether
early weaning, failure, and reintubation directly worsen
these babies’ short-term or long-term outcomes. Extuba-
tion failure is defined as the need for reintubation after
extubation within a predefined time, depending on the
healthcare center criteria, that usually ranges between
2-7 days [80], which may be different according to the
degree of prematurity. Reintubation due to non-respira-
tory causes such as sepsis and gastrointestinal problems
during these seven days is rare. After seven days, reintu-
bation is usually secondary to new pathologies unrelated
to the neonate’s condition immediately after extubation.

The prevalence of extubation failure ranges between
10-80% in preterm neonates depending on the demo-
graphic characteristics of the study population, age at
extubation, length of time on mechanical ventilation
before extubation, and post-extubation management.
Several factors have been investigated as the possible
causes of extubation failure. Factors such as respiratory
muscle weakness, airway abnormalities, hemodynami-
cally significant patent ductus arteriosus (PDA), poor
respiratory control, lung injury, and nosocomial infec-
tion, especially ventilator-associated pneumonia (VAP),
all may contribute to extubation failure. According to
several studies, low G.A., i.e., birth before 26 weeks ges-
tation, receiving mechanical ventilation for more than
10-14 days, low pH, higher PCO2 before extubation,
extubation from high settings (high MAP and FiO2),
and a low SPO2/FiO2 ratio increase the risk of failure.
Other causes of extubation failure include inconsistent
respiratory drive, poor respiratory pump, upper airway
malacia, alveolar atelectasis, hemodynamic instability,
hemodynamically significant PDA, glottic and subglottic
edema, and residual lung injury such as BPD. Among the
ventilator parameters, some investigators have noted a
relationship between tidal volume before extubation and
extubation failure [81-84].

Other causes of extubation failure include factors
inherent to the NICU or its policies:



Sangsari et al. BMC Pulmonary Medicine (2022) 22:421

1- Inadequate training of personnel

2- Non-availability of respiratory therapists

3- Inadequate training of residents

4- Early extubation (especially in ELBW infants)

5- Lack of a protocol for initiation and termination of
mechanical ventilation

6- Use of sedatives and muscle relaxants

7- Delay in obtaining chest radiography and/or arterial
blood gases

8- Lack of proper post extubation CDP after extubation

Several studies evaluated the relationship between rein-
tubation and mortality/morbidity in extremely premature
neonates but found no direct cause-effect relationship
between reintubation and BPD or death. However, rein-
tubation increased the time of exposure to mechani-
cal ventilation by 10-12 days, which was associated with
both short and long-term complications [82, 85, 86].

Weaning from mechanical ventilation is not benign
and disturbs the patient’s physiology. It may also result
in repeated attempts and failures to reintubate and the
related complications, which may result in endotra-
cheal tube malposition; trauma to the nose, glottis, tra-
chea, and lungs; airway collapse; asphyxia, and infection.
These complications may cause or aggravate neurologi-
cal and cardiorespiratory disorders and lead to long-
term respiratory and neurological disabilities. Reports of
severe bradycardia and marked changes in blood pres-
sure, oxygen saturation, and intracranial pressure during
intubation confirm the importance of reducing the rate
of extubation failure without causing an unnecessary
increase in the length of time on mechanical ventilation.

To control the extubation process, caretakers should
consider the following points in each NICU. There
should be a single definition of extubation failure, and the
rate of extubation failure and the respiratory/non-respir-
atory causes of each reintubation should be determined.
Unplanned extubations with the need for reintubation
should be tracked with efforts to decrease this rate per
100 ventilator days. Severe and dangerous post-extu-
bation complications should be closely monitored and
documented during the first 24 hours, including hemo-
dynamic instability, severe or prolonged hypoxia, severe
IVH, and death.

Finally, the decision regarding the extubation of neo-
nates, especially preterm neonates, is complex and
depends on several factors affecting the outcome.
Despite extensive studies and research, the predictors
and determinants of successful extubation are currently
unclear. Unfortunately, the available tools cannot pre-
dict the appropriate extubation time for any specific
baby. More studies and newer technologies are needed
to improve the process of weaning and extubation in
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neonates. However, applying a single protocol in each
center according to the available equipment and facilities
and considering the clinical condition of each neonate
can increase the chance of success and improve neonatal
outcomes.

Cost-effectiveness of early extubation

Sharma et al. reviewed the cost of a NICU stay published
in various older studies. They found that cost varies based
on the neonate’s gestational age, level of care, and degree
of illness, varying between 90 USD to 1250-2500 USD
per day. The cost of NICU can be reduced with several
interventions, including preventing invasive mechanical
ventilation with the widespread use of CPAP. Regard-
ing cost-effectiveness, CPAP reduces costs compared to
NIPPV and MV [87].

Conclusion

Clinicians should remember that the neonate’s clinical
comfort should be achieved with any change in venti-
lator setup. To experience a smooth weaning process,
our protocol is to initially decrease FiO2 to 30% while
SPO2 is kept between91%-95%. Based on the PaCO2
level, we reduce the tidal volume and rate. With improv-
ing oxygenation, PEEP is decreased. Caffeine is loaded,
especially in very low weight preterm infants, and all
sedatives are discontinued. Before weaning, the neonate
may be placed on CPAP for 3-10min, and if there is no
discomfort or increased work of breathing, the neonate
is extubated, and NIPPV is administered. Extensive use
of NIPPV after extubations helps early weaning result-
ing in a higher MAP than CPAP or HENC alone. Other
techniques, such as maintaining hand hygiene, prevent-
ing overcrowding in the NICU, using protocols to reduce
infection rate (especially VAP), and aggressive nutritional
support, may help improve overall respiratory outcomes.
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