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Summary

Despite the accepted importance of minimizing time on mechanical ventilation, only limited guidance

on weaning and extubation is available from the pediatric literature. A significant proportion of

patients being evaluated for weaning are actually ready for extubation, suggesting that weaning is of-

ten not considered early enough in the course of ventilation. Indications for extubation are often not

clear, although a trial of spontaneous breathing on CPAP without pressure support seems an appro-

priate prerequisite in many cases. Several indexes have been developed to predict weaning and extu-

bation success, but the available literature suggests they offer little or no improvement over clinical

judgment. New techniques for assessing readiness for weaning and predicting extubation success are

being developed but are far from general acceptance in pediatric practice. While there have been

some excellent physiologic, observational, and even randomized controlled trials on aspects of pediat-

ric ventilator liberation, robust research data are lacking. Given the lack of data in many areas, a

determined approach that combines systematic review with consensus opinion of international experts

could generate high-quality recommendations and terminology definitions to guide clinical practice

and highlight important areas for future research in weaning, extubation readiness, and liberation

from mechanical ventilation following pediatric respiratory failure. Key words: weaning; extubation;
mechanical ventilation; respiratory support; spontaneous breathing; stridor; pressure rate product;
esophageal pressure measurements; respiratory inductance plethysmography; phase angles; maximum
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Introduction

An extensive review paper on weaning and extubation

readiness in pediatric patients from the Collaborative

Pediatric Critical Care Research Network published in

20091 pointed out that there were many myths, unique prac-

tices, little consensus, and less objectivity surrounding this

important pediatric critical care activity. Recently,

Rimensberger et al2 placed lack of guidance regarding

weaning and extubation as being one of the top 10

unknowns in pediatric mechanical ventilation. It is the

intent of this review to summarize progress that has been

made in weaning and extubation readiness assessments

since the 2009 review and to address the benefits of some

newer physiological methods and technology applications

in this field of investigation.

The course of conventional mechanical ventilation

begins with intubation and the provision of ventilatory sup-

port. As the acute phase of the disease subsides, weaning

begins. The end of weaning can be defined as the time at

which the patient’s spontaneous breathing alone provides

effective gas exchange and clinical stability, although how

this point can best be determined is unclear. At the end of

weaning is extubation, or the act of liberation from the ven-

tilator and endotracheal tube (ETT).

Background

The length of weaning depends on a number of factors,

among them fluid status. When total body water increases,

lung compliance decreases due to increased lung water,

chest wall, and diaphragm edema. In adults with ARDS, it

is clear that the injured lungs should be managed dry.3,4

Patients managed with a conservative fluid regime had

fewer mechanical ventilation days and a quicker return of

normal lung function than those receiving a more liberal re-

gime.3 The importance of fluid balance in children is not as

clear, although observational data in pediatric ARDS are

also supportive.5-7 Respiratory losses in children are about

one third of the total daily fluid intake. Because inspired

gases in mechanical ventilation are humidified, it is prob-

ably prudent to limit total fluid intake (after initial resusci-

tation) to two thirds of normal.

PEEP management is another factor that may affect the

length of weaning. While initiation and escalation of PEEP

generally improves oxygenation in patients with ARDS, prac-

titioners infrequently change PEEP levels, even after oxygen-

ation improves.8,9 There may be a number of reasons for this.

In part, this can be due to a concern about the effects of

increased PEEP on cardiac output and pulmonary vascular re-

sistance, which have been shown of little consequence in pe-

diatric ARDS where the lungs are stiff and transmit less

airway pressure.10-12 This reluctance to increase PEEP as rec-

ommended by the Pediatric Acute Lung Injury Consensus

Conference13 may have long-term consequences of increased

mortality.14 The slow weaning of PEEP may also obscure

earlier recognition of the patient actually being ready for

extubation. It is generally recommended that PEEP levels

should be physiologic at the time of extubation (ie, # 5 cm

H2O),
15 although extubation from higher PEEP levels may be

important to maintain lung recruitment for certain types of

patients (eg, obesity, obstructed airways).16,17 Sedation further

complicates weaning and extubation.18,19 Oversedation may

depress central respiratory drive, whereas undersedation can

leave a child restless. Thrashing movements can result in air-

way trauma from the ETT.20,21 Two groups have shown an

association between sedation level and extubation readiness,

but this has not been validated prospectively in infants and

children.19,22 Sedation assessment tools have been developed

for this purpose and may be helpful in targeting a particular

level of sedation;18,23 however, implementation of a nurse-

driven protocol to achieve these targets did not appear to

have a significant impact on weaning times.20

Pulmonary hypertension is another important factor in

determining readiness for weaning because of its effect on

the patient’s oxygenation.24,25 Supplemental oxygen, con-

tinuous inhalation of nitric oxide through the ETT, and

ventilatory support are the mainstays of treatment for pul-

monary hypertension, and there is reluctance to withdraw

these too quickly in the absence of direct measures of pul-

monary arterial pressure or resistance.

Differences in diaphragmatic function may relate to longer

weaning times in infants and young children. Accessory respi-

ratory muscles are not as developed as in older children.26 As

diaphragmatic dysfunction develops with prolonged mechani-

cal ventilation, the duration of weaning can increase.27-30

As it does in another cause of subglottic edema in chil-

dren (ie, croup), intermittent or continuous inhalations of

epinephrine may prevent extubation failure by reducing

subglottic mucosal edema.31 Steroids may also play a role

in preventing re-intubation by reducing tracheal inflamma-

tion and subglottic edema associated with tracheal injuries

from the ETT.32 One randomized controlled trial in children

reported that steroids prevented upper-airway obstruction.33

Another randomized controlled trial also showed benefit,

but given the high incidence of hypoalbuminemic edema in

the study population the results may not be generalizable.34

The only other such study did not show benefit.35 Studies in

adults indicate that steroids may be helpful for high-risk

patients, defined on the basis of low cuff leak volume.36 A

Cochrane Review37 on the role of steroids concluded that:

Using corticosteroids to prevent (or treat) stridor after

extubation has not proven effective for neonates or chil-

dren. However, given the consistent trend toward benefit,
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this intervention does merit further study. In adults, multi-

ple doses of corticosteroids begun 12–24 h prior to extuba-

tion do appear beneficial for patients with a high

likelihood of postextubation failure.

Finally, other factors are probably important to the weaning

process, but there is a dearth of research in these areas, and

they are not further discussed. These include disease revers-

ibility (rapid [respiratory syncytial virus bronchiolitis] vs slow

[respiratory syncytial virus pneumonia/ARDS]), cardiac func-

tion, and postoperative, neurologic, and nutritional status.38

Predictive Indexes for Weaning

Several indexes have been developed to predict success

in weaning and extubation. Although these indexes have

been variably used in research, they have not found com-

mon use in clinical care, some because of their complexity

and others due to a lack of proven benefit over clinical

judgment in pediatric practice. Two of the more commonly

cited indexes are described here.

The first index is the rapid shallow breathing index

(RSBI), calculated as breathing frequency (f) divided by

tidal volume (VT), or f/VT. The RSBI was devised by Yang

and Tobin39 and is a good discriminator of weaning success

and failure in adults. This test has become more widely

used in adult practice and research with varying success.

Recently, the issue has been revisited in a meta-analysis of

41 RSBI studies.40 An editorial by Connors41 that accompa-

nied the meta-analysis suggested that, during weaning, the

f/VT index can be thought of as a screening test with high

sensitivity and low specificity, and therefore it should be

used early in the course of mechanical ventilation to iden-

tify patients who can breathe on their own. Some investiga-

tors have demonstrated that RSBI normalized to body

weight has some predictive ability in pediatrics,22,42

although these values are often very low by the time extu-

bation readiness testing occurs, reinforcing the concept that

these should be used early in the course of weaning.15

Specificity can perhaps be improved by applying a confirm-

atory test such as esophageal pressure trend measurements,

which can be applied in a pediatric ICU setting.43-46 The sec-

ond index is the compliance, resistance, oxygenation, pres-

sure (CROP) index, which is calculated as (dynamic

compliance � maximum negative inspiratory pressure � al-

veolar-arterial oxygen difference)/breathing frequency.

In pediatrics, Thiagarajan et al42 reported that spontane-

ous f < 45 breaths/min, spontaneous VT > 5.5 mL/kg,

RSBI < 8 breaths/min/mL/kg body weight, and CROP

index > 0.15 mL/kg body weight/breaths/min were good

predictors of successful extubation. Baumeister et al22 used

modified RSBI and CROP indexes to predict successful

extubation. Their threshold values (RSBI < 11, CROP

index > 0.1 mL/kg body weight/breaths/min) differed from

those of Thiagarajan and coworkers.42

As with adults, conflicting studies by others have

reported that these indexes did not reliably predict extuba-

tion outcome in children.22,47,48 Manczur et al48 studied 47

subjects on CPAP, 7 of whom failed extubation (14.9%),

with low-tidal volume (< 6 mL/kg) and minute ventilation

(< 180 mL/kg) associated with failure. RSBI did not pre-

dict outcome. We have recently reported that RSBI at the

time of extubation does not reliably predict re-intubation

(area under the curve median (IQR) 0.534 [0.443–0.624]),

although it is associated with the duration of use of nonin-

vasive ventilation after extubation.15

The RSBI has become moderately popular in adult ICUs

and is a built-in function on several modern ventilators in

its “adult” formula. Nonetheless, because there is a wide

range of age groups with different f values, it may not be a

good predictor of extubation success or failure in the pedi-

atric population.42,49 Whether age-specific f/VT ratios could

be better is currently unknown.

Volumetric Capnography

Hubble et al50 used volumetric capnography to predict suc-

cessful extubation in 45 children. A volumetric capnogram

plots CO2 concentration in airway gas against expired volume.

The slope of an expired, single-breath CO2 waveform can be

used to calculate the physiologic dead space (VD/VT). The

investigators reported that VD/VT < 0.50 reliably predicted

extubation success with 75% sensitivity and 92% specificity,

whereas VD/VT > 0.65 identified subjects at risk for failure.

Some investigators have been able to reproduce this, but

others have noted that VD/VT has a very weak association

with extubation failure.51,52 Volumetric capnography requires

an arterial or a capillary blood gas, and the predictive ability

may depend on the types of patients studied, degree of paren-

chymal lung disease, and VT generated.
53

Techniques of Weaning

The most common approach to weaning infants and chil-

dren is gradual reduction of ventilatory support. Weaning

with intermittent mandatory ventilation or synchronized

intermittent mandatory ventilation occurs by reducing the

ventilator rate. With pressure support ventilation, the inspir-

atory pressure is initially set to provide the required sup-

port, and then it is reduced gradually. Pressure support is

often combined with intermittent mandatory ventilation

(synchronized or not) during weaning. Volume support and

volume-assured pressure support are special forms of pres-

sure support available in certain ventilators that guarantee a

minimum VT per assisted breath. Weaning with volume

support is semiautomatic, where the pressure support level

required to maintain a certain VT is reduced automatically
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as respiratory mechanics improve. Extubation then occurs

from a low level of ventilator support (more commonly in

infants and children than in adults54) or after an extubation

readiness test, which may be defined as a bundle of items

that are used to assess the patient’s ability to be liberated

from mechanical ventilation. In addition to maintaining

adequate minute volume and gas exchange without exces-

sive respiratory effort, this includes factors such as sedation

level, fluid balance, adequacy of protective airway reflexes

(eg, cough, gag, swallowing oral secretions), respiratory

muscle strength assessment, and hemodynamic status.

A second school of thought recommends moderate

amounts of ventilator support to rest the patient’s respira-

tory muscles and to perform a daily extubation readiness

test. Mechanical ventilation is discontinued if the extuba-

tion readiness test is passed.55,56 This approach has been

more commonly used to wean adult patients than children,

although the importance of some sustained patient effort of

breathing throughout the weaning phase is increasingly

being recognized as a means to prevent ventilator-induced

diaphragm dysfunction.29 To that extent, ventilator-induced

diaphragm dysfunction is an increasingly recognized com-

plication of mechanical ventilation, which may be exacer-

bated by certain weaning or ventilator-management

strategies. Ventilator-induced diaphragm dysfunction fur-

ther complicates weaning and therefore is an active area of

investigation in both adult and pediatric critical care.57,58

In some patients, weaning is attempted with alternating

periods of complete ventilatory support and graded sponta-

neous breathing with assistance. This “sprinting” is per-

formed on the basis of the theory that the respiratory

muscles can be slowly trained to sustain completely sponta-

neous breathing. There is currently little evidence that such

an approach is an effective way of training muscles. There

are also no data comparing such an approach with more tra-

ditional approaches of weaning.59 A multicenter random-

ized controlled trial comparing 3 modes of weaning

reported no significant differences between having no pro-

tocol, weaning with pressure support, or weaning with vol-

ume support.19

It is important to recognize that not all patients require

gradual weaning. Both adult and pediatric studies have

reported that when patients pass a spontaneous breathing

test and are subjected to an extubation readiness test, 50–

75% of the patients are deemed ready to extubate and will

do so successfully.19,49,55 Nonetheless, adult trials have of-

ten used standardized weaning protocols to minimize the

time on a ventilator and provide uniform decisions about

weaning.20,54,60-62 Studies in children have begun to follow

suit, and the requirements for and utility of ventilator proto-

cols in this age group have been reviewed.63-68 These wean-

ing trials embraced a daily extubation readiness test, and all

have used ventilator-free days as their primary outcome.

The concept of ventilator-free days is implicitly based on

having a low failed extubation rate from any cause other

than the original cause of respiratory failure.69 This stand-

ard is being adopted in pediatric trials but may be inappro-

priate because not only is there a higher rate of failed

extubations in this group, but up to 40% may involve

upper-airway obstruction.21,63,70,71 Thus, for pediatric

research, it may be important to define the end of successful

weaning in a manner short of extubation. Whether the extu-

bation is successful or unsuccessful may be of secondary

importance for the purpose of a trial. This approach was

taken by Schultz et al72 in their pediatric weaning study and

was allowed in the ARDSNet low VT trial in adults,56 with

both studies allowing achievement of minimum support

settings short of extubation. Ideally, the timing of extuba-

tion should coincide with the determination that the patient

is ready to sustain adequate gas exchange by spontaneous

breathing alone. It is clear from the published studies that

there is no such pediatric standard.

The use of a weaning protocol results in faster weaning in

adults. Although the data are less clear in children, it is likely

that a consistent approach to ventilator weaning will shorten

ventilation times and result in better outcomes.66,68,72

Criteria for Readiness for Extubation

Readiness for extubation implies that weaning is com-

pleted, the patient is sufficiently awake with intact airway

reflexes, is hemodynamically stable, and has manageable

secretions. Extubation failure has been variably defined as

re-intubation within 24–72 h. Tests commonly used to

assess extubation readiness include testing for a leak around

the ETT (ie, the leak test) and assessing respiratory muscle

strength by measuring negative inspiratory force.

Leak Test

Upper-airway obstruction has been stated as a cause of

up to 40% of failed extubations in children.21,71 Cuffed

ETTs have been cited as a cause of increased upper-airway

obstruction on extubation, but a variety of studies have

reported no difference in the incidence of failed extubations

over all age groups between those intubated with appropri-

ately sized cuffed or uncuffed tubes.21,73-75

The leak test, whereby air is heard, without using a steth-

oscope, as a leak around the ETT at low pressure (usually

< 20–25 cm H2O), is commonly used to predict upper-air-

way obstruction after extubation. However, it is not a very

sensitive nor specific test.76-78 Wratney and coworkers79

analyzed the change in airway leak as measured at the time

of intubation and extubation as a predictor of extubation

outcome. They found that measuring the leak serially over

time was a better predictor of extubation success than of

extubation failure, although the clinical utility is unclear
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because the positive and negative likelihood ratios were

near 1.

There appear to be important differences in the utility of

leak measurements based on whether the ETT is cuffed or

uncuffed. Some have attempted to make the leak test more

objective.80 Cuff leak volume and leak percentage are cal-

culated using standard ventilator settings (pressure control,

heart rate ¼ 10–20 beats/min, peak inspiratory pressure ¼
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Fig. 2. Maximum airway pressure during occlusion versus re-intubation. There is a dose-response relationship between lower maximum airway
pressure during occlusion and re-intubation (test of trend, P ¼ .01). Those with maximum airway pressure during occlusion of # 30 cm H2O

were a median of 2.8 (interquartile range 1.37–5.69) times more likely to be reintubated than those with a maximum airway pressure during
occlusion> 30 cmH2O. From Reference 15, with permission.
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20 cm H2O; PEEP ¼ 5 cm H2O). For uncuffed ETTs, leak

percentage is calculated as (inspiratory VT minus expiratory

VT)/(inspiratory VT). For cuffed ETTs, cuff leak volume is

calculated as (expiratory VT with cuff inflated minus expir-

atory VT with cuff deflated)/(expiratory VT with cuff

inflated). In a study of 409 infants and children immedi-

ately prior to their extubation, Khemani and colleagues21

reported that a cuff leak volume < 10% or a leak pressure

(with the cuff deflated) > 25 cm H2O were highly associ-

ated with risk of upper-airway obstruction following extu-

bation. The presence or absence of a leak was not

associated with upper-airway obstruction for uncuffed

ETT.

Negative Inspiratory Force

In the pediatric ICU, the negative inspiratory force test is

usually performed quickly at the bedside with an uncali-

brated manometer and with both inspiration and exhalation

obstructed. The test has not been hitherto standardized nor

validated in children as a test of extubation readiness, and

hence it is unreliable under these conditions. One can rea-

sonably conclude, nonetheless, that it is probably reassuring

if a spontaneously breathing patient has a routinely

obtained negative inspiratory force of $ 30 cm H2O.

Similarly, consistently low values (ie, < 15 cm H2O),

regardless of technique, are unlikely to be associated with

successful weaning to extubation.

In a secondary analysis of the 409 children studied before

and after extubation, Khemani et al15 noted that if a nega-

tive inspiratory force was performed in a standardized man-

ner over 3–5 breaths, subjects with a maximum negative

airway pressure of# 30 cm H2O were nearly 3 times more

likely to be re-intubated than if their maximum negative

airway pressure was > 30 cm H2O (ie, reflecting good re-

spiratory muscle strength).

Impact of ETTs on Weaning and Spontaneous

Breathing Trials

Many clinicians believe that, for an infant or young

child, respiring through a small ETT is akin to breathing

through a straw, thereby imposing an unacceptable work of

breathing. This notion is contrary to both clinical observa-

tion and physiology.45,81,82 Despite the fact that children

were successfully extubated from CPAP prior to the advent

of pressure support, it is often the practice to extubate chil-

dren from levels of 5–10 cm H2O pressure support above

PEEP to overcome the presumed increased effort of breath-

ing. In a prospective trial, Khemani and coworkers46 used

esophageal manometry to determine the pressure rate prod-

uct on pressure support/PEEP and CPAP prior to extuba-

tion, and at 5 and 60 min afterwards. The pressure rate

product is the breathing frequency times the peak-to-trough

esophageal pressure and is a validated surrogate for work

(or more correctly, effort) of breathing. In > 400 subjects,

the authors were able to demonstrate that no matter how

small the ETT (down to an inner diameter of 3.0 mm),

effort of breathing on CPAP of 5 cm H2O best estimated

postextubation effort. Furthermore, the pressure rate prod-

uct on pressure support/PEEP was almost half of the level

after extubation, therefore significantly underestimating the

postextubation effort of breathing.83 The reasonable conclu-

sion from this study is that, all things being equal, if a

patient cannot breath comfortably on CPAP alone, then

there is little chance he or she will do so when extubated

(Fig. 1).46

A further benefit of the pressure rate product is that,

when evaluated along with maximum negative airway pres-

sure, the combination of the former being > 500 and the

latter being # 30 cm H2O predicts high re-intubation rates

of > 20%.15 These values reflect diminished respiratory

muscle strength (ie, maximum negative airway pressure) in
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Fig. 3. A: Flow-pressure loops using spirometry. The flows are
measured with a pneumotachograph (PNT) on the endotracheal

tube. The pressure is obtained using an esophageal balloon cathe-
ter. B: Flow-pressure loops using respiratory inductance plethys-
mography (RIP). The flows are obtained from calibrated RIP belts

around the thorax and abdomen at the same time as the recordings
in (A), and the pressure is obtained using the same esophageal bal-
loon catheter. From Reference 86, with permission.
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the face of high effort of breathing (ie, pressure rate prod-

uct) (Fig. 2).

Additional Technology for Assessment of

Post-Extubation Upper Airway Obstruction

Upper-airway obstruction is common in a variety of pe-

diatric diseases and is frequent after endotracheal extuba-

tion.21,84 Definitive data on risk factors and prevention of

pediatric postextubation upper-airway obstruction are lack-

ing. More objective measures of postextubation upper-air-

way obstruction severity in infants and children may help

identify risk factors and elucidate optimal treatment or pre-

vention strategies. Inspiratory flow limitation is relatively

specific to extrathoracic upper-airway obstruction, charac-

terized by disproportionately large inspiratory effort rela-

tive to flow. The most widely accepted method to measure

flow is spirometry, which for non-cooperative spontane-

ously breathing children requires a tight-fitting mask over

the nose and mouth, which may require sedation and may

change flow dynamics.44 Respiratory inductance plethys-

mography is a less invasive alternative to spirometry.85

With respiratory inductance plethysmography, variations in

the self-inductance of a coil (wires around the rib cage and
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breathing on CPAP. The loops are narrow and show no evidence of inspiratory flow limitation. B: Inspiratory flow limitation after extubation as
subglottic narrowing occurs, as denoted by the flattened flow-pressure limb above the x axis. The pressure rate product has also increased 10-

fold. From Reference 86, with permission.
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abdomen) are measured as a result of changes in the cross-

sectional area of the rib cage and abdomen. The combina-

tion of calibrated respiratory inductance plethysmography

and esophageal manometry has shown promise for provid-

ing both an objective measure of the severity of postextuba-

tion upper-airway obstruction and some insights into risk

factors for upper-airway obstruction. With the addition of a

pneumotachograph on the ETT prior to extubation, respi-

ratory inductance plethysmography flow can be cali-

brated during 3–5 breaths of airway occlusion during a

negative inspiratory force procedure. This allows the

construction of noninvasive flow-pressure loops from

the respiratory inductance plethysmography and esoph-

ageal pressure measurements (Fig. 3).

These loops can be inspected for inspiratory flow limita-

tion after extubation to characterize postextubation upper-

airway obstruction. Patients can be observed as having

upper-airway obstruction when inspiratory flow limitation

is newly observed after extubation with an increase in pres-

sure rate product of $ 50% over values before extubation

while on CPAP (Fig. 4).

The reversal of inspiratory flow limitation can also be

seen after the child receives an upper-airway obstruction–

specific intervention, such as inhaled racemic epinephrine

(Fig. 5), heliox, or corticosteroids. Upper-airway obstruc-

tion can be further classified as subglottic if a jaw-thrust

maneuver does not reduce the pressure rate product by

$ 50%.21

Summary

While we have made substantial improvements in our

understanding of the unique and complex pathophysiology

of weaning from mechanical ventilation through better clin-

ical assessment and improved technological capabilities,

there are still many unanswered questions and no clinical

practice guidelines for ventilator liberation in children. An

international initiative is currently underway to establish

the first-ever pediatric ventilator liberation clinical practice

guidelines (NIH/NICHD 1R13HD102137-01) and to priori-

tize areas of future research. Through continued investiga-

tion we will, hopefully, be able to accelerate the weaning

process safely for many patients and to predict more accu-

rately the likelihood of extubation success and avoid the

complications and extended pediatric ICU stays that

accompany failed extubations.
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9. López-Fernández Y, Azagra A-D, la Oliva de P, Modesto V, Sánchez

JI, Parrilla J, et al. Pediatric Acute Lung Injury Epidemiology and

Natural History study: incidence and outcome of the acute respiratory

distress syndrome in children. Crit Care Med 2012;40(12):3238-3245.

10. Ingaramo OA, Ngo T, Khemani RG, Newth C. Impact of positive end-

expiratory pressure on cardiac index measured by ultrasound cardiac

output monitor. Pediatr Crit Care Med 2014;15(1):15-20.

11. Virk MK, Hotz JC, Wong W, Khemani RG, Newth CJL, Ross PA.

Minimal change in cardiac index with increasing peep in pediatric

acute respiratory distress syndrome. Front Pediatr 2019;7:9.

12. Pollack MM, Fields AI, Holbrook PR. Cardiopulmonary parameters

during high PEEP in children. Crit Care Med 1980;8(7):372-376.

13. Pediatric Acute Lung Injury Consensus Conference Group. Pediatric

acute respiratory distress syndrome: consensus recommendations from

the Pediatric Acute Lung Injury Consensus Conference. Pediatr Crit

Care Med 2015;16(5):428-439.

14. Khemani RG, Parvathaneni K, Yehya N, Bhalla AK, Thomas NJ,

Newth C. Positive end-expiratory pressure lower than the ARDS

Network protocol is associated with higher pediatric ARDS mortality.

Am J Respir Crit Care Med 2018;198(1):77-89.

15. Khemani RG, Sekayan T, Hotz J, Flink RC, Rafferty GF, Iyer N, et al.

Risk factors for pediatric extubation failure: the importance of respira-

tory muscle strength. Crit Care Med 2017;45(8):e798-e805.

16. Fumagalli J, Berra L, Zhang C, Pirrone M, Santiago R, Gomes S, et al.

Transpulmonary pressure describes lung morphology during decre-

mental positive end-expiratory pressure trials in obesity. Crit Care

Med 2017;45(8):1374-1381.

17. Imber DA, Pirrone M, Zhang C, Fisher DF, Kacmarek RM, Berra L.

Respiratory management of perioperative obese patients. Respir Care

2016;61(12):1681-1692.

18. Alexander E, Carnevale FA, Razack S. Evaluation of a sedation proto-

col for intubated critically ill children. Intensive Crit Care Nurs

2002;18(5):292-301.

19. Randolph AG, Wypij D, Venkataraman ST, Hanson JH, Gedeit RG,

Meert KL, et al. Effect of mechanical ventilator weaning protocols on

respiratory outcomes in infants and children: a randomized controlled

trial. JAMA 2002;288(20):2561-2568.

20. Curley MAQ, Wypij D, Watson RS, Grant MJC, Asaro LA, Cheifetz

IM, et al. Protocolized sedation vs usual care in pediatric patients

mechanically ventilated for acute respiratory failure: a randomized

clinical trial. JAMA 2015;313(4):379-389.

VENTILATOR LIBERATION IN THE PICU

1608 RESPIRATORY CARE � OCTOBER 2020 VOL 65 NO 10



21. Khemani RG, Hotz J, Morzov R, Flink R, Kamerkar A, Ross PA, et al.

Evaluating risk factors for pediatric post-extubation upper airway

obstruction using a physiology-based tool. Am J Respir Crit Care Med

2016;193(2):198-209.

22. Baumeister BL, el-Khatib M, Smith PG, Blumer JL. Evaluation of pre-

dictors of weaning from mechanical ventilation in pediatric patients.

Pediatr Pulmonol 1997;24(5):344-352.

23. Curley MA, Harris SK, Fraser KA, Johnson RA, Arnold JH. State

Behavioral Scale: a sedation assessment instrument for infants and

young children supported on mechanical ventilation. Pediatr Crit Care

Med 2006;7(2):107-114.

24. Davis S, Worley S, Mee RBB, Harrison AM. Factors associated with

early extubation after cardiac surgery in young children. Pediatr Crit

Care Med 2004;5(1):63-68.

25. Harrison AM, Cox AC, Davis S, Piedmonte M, Drummond-Webb JJ,

Mee R. Failed extubation after cardiac surgery in young children:

Prevalence, pathogenesis, and risk factors. Pediatr Crit Care Med

2002;3(2):148-152.

26. Honma Y, Wilkes D, Bryan MH, Bryan AC. Rib cage and abdominal

contributions to ventilatory response to CO2 in infants. J Appl Physiol

Respir Environ Exerc Physiol 1984;56(5):1211-1216.

27. Di Mussi R, Spadaro S, Mirabella L, Volta CA, Serio G, Staffieri F,

et al. Impact of prolonged assisted ventilation on diaphragmatic effi-

ciency: NAVA versus PSV. Crit Care 2015;20:1.

28. Emeriaud G, Larouche A, Ducharme-Crevier L, Massicotte E,

Flechelles O, Pellerin-Leblanc A-A, et al. Evolution of inspiratory dia-

phragm activity in children over the course of the PICU stay. Intensive

Care Med 2014;40(11):1718-1726.

29. Goligher EC, Fan E, Herridge MS, Murray A, Vorona S, Brace D,

et al. Evolution of diaphragm thickness during mechanical ventilation:

impact of inspiratory effort. Am J Respir Crit Care Med 2015;192

(9):1080-1088.

30. Umbrello M, Formenti P, Longhi D, Galimberti A, Piva I, Pezzi A,

et al. Diaphragm ultrasound as indicator of respiratory effort in crit-

ically ill patients undergoing assisted mechanical ventilation: a pilot

clinical study. Crit Care 2015;19(1):161.

31. Leung K, Newth CJL, Hotz JC, O’Brien KC, Fink JB, Coates AL.

Delivery of epinephrine in the vapor phase for the treatment of croup.

Pediatr Crit Care Med 2016;17(4):e177-e181.

32. Tibballs J, Shann FA, Landau LI. Placebo-controlled trial of predniso-

lone in children intubated for croup. Lancet 1992;340(8822):745-748.

33. Anene O, Meert KL, Uy H, Simpson P, Sarnaik AP. Dexamethasone

for the prevention of postextubation airway obstruction: a prospective,

randomized, double-blind, placebo-controlled trial. Crit Care Med

1996;24(10):1666-1669.

34. Baranwal AK, Meena JP, Singhi SC, Muralidharan J. Dexamethasone

pretreatment for 24 h versus 6 h for prevention of postextubation air-

way obstruction in children: a randomized double-blind trial. Intensive

Care Med 2014;40(9):1285-1294.

35. Tellez DW, Galvis AG, Storgion SA, Amer HN, Hoseyni M, Deakers

TW. Dexamethasone in the prevention of postextubation stridor in

children. J Pediatr 1991;118(2):289-294.

36. Kuriyama A, Umakoshi N, Sun R. Prophylactic corticosteroids for

prevention of postextubation stridor and reintubation in adults: a sys-

tematic review and meta-analysis. Chest 2017;151(5):1002-1010.

37. Khemani RG, Randolph A, Markovitz B. Corticosteroids for the pre-

vention and treatment of post-extubation stridor in neonates, children

and adults. Cochrane Database Syst Rev 2009;24(3):CD001000.

38. Hammer J, Numa A, Newth C. Acute respiratory distress syndrome

caused by respiratory syncytial virus. Pediatr Pulmonol 1997;23

(3):176-183.

39. Yang KL, Tobin MJ. A prospective study of indexes predicting the

outcome of trials of weaning from mechanical ventilation. N Engl J

Med 1991;324(21):1445-1450.

40. Tobin MJ, Jubran A. Variable performance of weaning-predictor tests:

role of Bayes’ theorem and spectrum and test-referral bias. Intensive

Care Med 2006;32(12):2002-2012.

41. Connors AF. A fresh look at the weaning process. Intensive Care Med

2006;32(12):1928-1929.

42. Thiagarajan RR, Bratton SL, Martin LD, Brogan TV, Taylor D.

Predictors of successful extubation in children. Am J Respir Crit Care

Med 1999;160(5 Pt 1):1562-1566.

43. Jubran A, Grant BJB, Laghi F, Parthasarathy S, Tobin MJ. Weaning

prediction: esophageal pressure monitoring complements readiness

testing. Am J Respir Crit Care Med 2005;171(11):1252-1259.

44. Argent AC, Newth CJL, Klein M. The mechanics of breathing in chil-

dren with acute severe croup. Intensive Care Med 2008;34(2):324-

332.

45. Willis BC, Graham AS, Yoon E, Wetzel RC, Newth C. Pressure-rate

products and phase angles in children on minimal support ventilation

and after extubation. Intensive Care Med 2005;31(12):1700-1705.

46. Khemani RG, Hotz J, Morzov R, Flink RC, Kamerkar A, LaFortune

M, et al. Pediatric extubation readiness tests should not use pressure

support. Intensive Care Med 2016;42(8):1214-1222.

47. Venkataraman ST, Khan N, Brown A. Validation of predictors of

extubation success and failure in mechanically ventilated infants and

children. Crit Care Med 2000;28(8):2991-2996.

48. Manczur TI, Greenough A, Pryor D, Rafferty GF. Comparison of pre-

dictors of extubation from mechanical ventilation in children. Pediatr

Crit Care Med 2000;1(1):28-32.

49. Farias JA, Alia I, Retta A, Olazarri F, Fernández A, Esteban A, et al.

An evaluation of extubation failure predictors in mechanically venti-

lated infants and children. Intensive Care Med 2002;28(6):752-757.

50. Hubble CL, Gentile MA, Tripp DS, Craig DM, Meliones JN, Cheifetz

IM. Deadspace to tidal volume ratio predicts successful extubation in

infants and children. Crit Care Med 2000;28(6):2034-2040.

51. Riou Y, Chaari W, Leteurtre S, Leclerc F. Predictive value of the

physiological deadspace/tidal volume ratio in the weaning process of

mechanical ventilation in children. J Pediatr (Rio J) 2012;88(3):217-

221.

52. Bousso A, Ejzenberg B, Ventura AMC, Fernandes JC, de Oliveira
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