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ABSTRACT

Introduction: There is lack of consensus on
what constitutes best practice when assessing
extubation readiness in children. This system-
atic review aims to synthesize data from existing
literature on pre-extubation assessments and
evaluate their diagnostic accuracies in predict-
ing extubation failure (EF) in children.

Methods: A systematic search in PubMed,
EMBASE, Web of Science, CINAHL, and
Cochrane was performed from inception of
each database to 15 July 2021. Randomized
controlled trials or observational studies that
studied the association between pre-extubation
assessments and extubation outcome in the
pediatric intensive care unit population were
included. Meta-analysis was performed for
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studies that report diagnostic tests results of a
combination of parameters.

Results: In total, 41 of 11,663 publications
screened were included (total patients,
n = 8111). Definition of EF across studies was
heterogeneous. Fifty-five unique pre-extubation
assessments were identified. Parameters most
studied were: respiratory rate (RR) (13/41,
n = 1945), partial pressure of arterial carbon
dioxide (10/41, n = 1379), tidal volume (13/41,
n = 1945), rapid shallow breathing index (RBSI)
(9/41, n =1400), and spontaneous breathing
trials (SBT) (13/41, n = 5652). Meta-analysis
shows that RSBI, compliance rate oxygenation
pressure (CROP) index, and SBT had sensitivi-
ties ranging from 0.14 to 0.57. CROP index had
the highest sensitivity [0.57, 95% confidence
interval (CI) 0.4-0.73] and area under curve
(AUC, 0.98). SBT had the highest specificity
(0.93, 95% CI 0.92-0.94).

Conclusions: Pre-extubation assessments stud-
ied thus far remain poor predictors of EF. CROP
index, having the highest AUC, should be fur-
ther explored as a predictor of EF. Standardizing
the EF definition will allow better comparison
of pre-extubation assessments.
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Key Summary Points

There is lack of consensus on what
constitutes best practice when assessing
extubation readiness in children.

The review aims to evaluate diagnostic
accuracies of pre-extubation assessments
in predicting extubation failure (EF) in
children.

Compliance rate oxygenation pressure
(CROP) index had the highest sensitivity
[0.57, 95% confidence interval (CI)
0.4-0.73] and area under curve (AUC,
0.98). SBT had the highest specificity
(0.93, 95% CI 0.92-0.94).

Heterogeneity of EF definitions found in
this systematic review calls for consensus
in the definition for future research.

Future studies should potentially explore
the possibilities of combining various
tools to develop a model that predicts EF
in a more robust manner, as extubation
failure is likely multifactorial.

INTRODUCTION

Intubation and mechanical ventilation (MV) are
common procedures performed in the pediatric
intensive care unit (PICU) [1-3]. Prolonged
intubation and MV are associated with
increased hospitalization and healthcare costs
[4]. Conversely, extubation failure (EF) is asso-
ciated with adverse outcomes such as increased
mortality and higher costs [5]. Hence, there is a
need to better identify patients who are ready
for timely extubation, to minimize these risks
[4].

The art of balancing between timely extu-
bation and the associated risk of prolonged
intubation is challenging in critically ill chil-
dren. Many pediatric MV practices have been
adopted from adult data or are based on indi-
vidual experience and clinical judgement [6]. A

recently published pediatric ventilator libera-
tion guideline aims to address this concern [7],
as the lack of clinical guidelines has previously
led to variations in practice, which affects
timely extubation and therefore MV duration.
We conducted this systematic review to
qualitatively synthesize data from randomized
controlled trials (RCTs) and observational stud-
ies in the current medical literature on pre-ex-
tubation assessments and evaluate the
diagnostic accuracies of these assessments in
predicting EF in critically ill children.

METHODS

This systematic review and meta-analysis was
conducted in close accordance with the Pre-
ferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [9]. Our
study protocol was registered in PROSPERO
(https://www.crd.york.ac.uk/prospero/; ID no.
CRD42020180409).

Definitions

In our review, pre-extubation assessment is
defined as any objective data that were collected
before the patient was extubated, which aided
in the decision for extubation. Singular pre-ex-
tubation assessments referred to individual
parameters (e.g., vital signs or ventilator set-
tings/measurements). Collective pre-extubation
assessments referred to indices combining two
or more individual parameters. These pre-extu-
bation assessments were obtained without nec-
essarily changing the ventilator settings. For the
purpose of this review, spontaneous breathing
trial (SBT) refers to a systematic assessment to
assess whether a patient can independently
maintain adequate gas exchange without
excessive respiratory effort if extubated, and
this frequently involves implementing a change
in the ventilator settings with minimal or no
support [7].
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Eligibility Criteria

We included RCTs or observational studies that
examined the association between pre-extuba-
tion assessments and extubation outcomes in
intubated patients < 18 years old admitted to
the PICU. Post-hoc analysis of an RCT (if there
were no duplicate data), quality improvement
projects, studies from prospective databases,
and studies with retrospective and/or prospec-
tive arm were included. For this review, we
focused on PICU patients with respiratory fail-
ure. Studies that focused on specialized subsets
of patients (e.g., post-cardiac surgery, burns,
and laryngotracheoplasty) were excluded.

We excluded studies that were conducted in
neonatal or adult intensive care units. We also
excluded studies on tracheostomy decannula-
tion, effects of corticosteroids or sedative med-
ications on extubation outcome, and weaning
protocols only (without the use of any pre-ex-
tubation tests). Abstracts, clinical trial registries,
case reports, case series, and non-English-lan-
guage publications were excluded.

Search Strategy

A systematic search in PubMed, EMBASE, Web
of Science, CINAHL, and Cochrane was per-
formed from inception of each database to 15
July 2021. Our search strategy (Table S1) was
created with the assistance of a medical librar-
ian. The references from the database search
were imported into Covidence (Australia) for
screening [10]. Title and abstract of imported
references were then screened by four inde-
pendent reviewers (P.N., H.L.T., Y.-J.M., V.L.).
The initial title and abstract screening required
two “Yes” votes for the study to be included,
and the full text screening required one vote.
Any disagreements were resolved by discussion
and, if needed, a vote by a third-party reviewer
(J.H.L.).

Data Extraction

Data extraction was performed using a standard
data collection form (P.N. and H.L.T.), and
results were tracked in Microsoft Excel

(Microsoft Corporation, USA) [11]. Missing data
were requested from respective authors. If there
was no reply, these studies were excluded.
Extracted data included authors’ name, year of
publication, study location, inclusion and
exclusion criteria of studies, definition of EF, EF
rates, and reports of diagnostic accuracies of
pre-extubation assessments.

Risk of Bias Assessments

The appropriate risk of bias assessment was
performed according to study design (P.N.,
H.L.T., and Y.-J.M.). Any disagreements were
resolved by discussion and, if needed, a vote by
a third-party reviewer (J.H.L.). The Cochrane
risk-of-bias tool for randomized trials (RoB 2)
was utilized to assess the methodological qual-
ity for RCTs [12]. RCTs were categorized on the
basis of risk of bias as poor-, moderate-, or high-
quality studies. For observational studies, New-
castle-Ottawa Quality Assessment Scale (NOS)
was used to assess quality [13]. The NOS for
cohort studies was used to assess risk of bias for
quality improvement projects, secondary anal-
ysis of RCTs, and prospective studies [14].
Studies that scored eight to nine stars, six to
seven stars, and less than five stars were con-
sidered as high, moderate, and low quality,
respectively [14, 15].

Meta-analysis

Pooled EF rates and mean difference between
extubation success and failure groups for each
pre-extubation assessment were analyzed using
the Comprehensive Meta Analysis Software
Version 3.0 (USA) [16]. Statistical heterogeneity
was determined and presented as I°. Pre-extu-
bation assessments (e.g., SBT) that were used as
part of routine care and were not specifically
examined as a predictor of extubation outcome
were not included in the meta-analysis. Studies
that have common units of measurements were
combined, while studies with incompatible data
or units of measurements were excluded from
the meta-analysis. The primary outcome for our
review was EF, as defined by the study authors.
As we expect heterogeneity in the definition of
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EF across studies, we used the random-effects
model for our meta-analysis.

To evaluate the performance of each pre-ex-
tubation assessment, we also calculated the
pooled sensitivity, specificity, positive likeli-
hood ratio (LR+), negative likelihood ratio
(LR-), and diagnostic odds ratio (DOR) with
their associated 95% confidence intervals (CI)
(MetaDisc; Clinical Biostatistics Unit of the
Ramon y Cajal Hospital, Madrid, Spain) [17]. A
summary receiver operating characteristic
(SROC) curve and its area under curve (AUC)
were calculated. D+ was defined as extubation
failure. This diagnostic meta-analysis required
three or more studies that reported diagnostic
accuracy results to generate the SROC curve.

Subgroup analyses were performed to
explore whether the diagnostic accuracy results
would change (1) based on the technique of SBT
when pre-extubation assessments were mea-
sured [e.g., presence of pressure support, con-
tinuous positive airway pressure (CPAP),
T-piece] and (2) based on different definitions
used for EF [e.g., reintubation only, reintuba-
tion and use of non-invasive ventilation (NIV)
post-extubation].

On the basis of a previous systematic review
on the same topic conducted in a predomi-
nantly adult population [18], we anticipated to
garner a large pool of data. In view of this, we
focused our diagnostic meta-analysis on pre-
extubation assessments that consider a combi-
nation of parameters [e.g., rapid shallow
breathing index (RSBI) and SBT].

Ethics

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

RESULTS

Systematic Review (Qualitative Synthesis)

After removal of duplicates, a total of 11,663
publications were screened and 41 studies were

included in our systematic review (Fig. 1).
Owing to the large pool of data, we have pro-
vided  supplemental tables and  fig-
ures (Tables S1-12 and Fig. S1) to further
illustrate the results and discussion. Please refer
to the electronic supplementary material for
more details. There were 6 RCTs, 24 prospective
studies, 6 retrospective studies, 3 secondary
analyses, and 2 quality improvement projects.
The majority of studies (18/41) were conducted
in North America (Table 1 and Fig. S1). All
included RCTs studied SBT [19-24].

A total of 8111 patients were included. Mean
age was 2.86 [95% confidence interval (CI)
2.48-3.23] years, I* = 98.6% [4, 19-23, 25-52].
Mean duration of MV prior to extubation
attempt was 5.91 (95% CI 4.85-6.97) days,
I?=99.5% [4, 20-32, 34-38, 41-43, 46-49,
51-54]. Out of the studies that presented the
indications for intubation (17/41 studies)
(4, 19, 20, 22, 23, 25-27, 39, 41, 43, 46,
51-53, 55, 56], intubation due to respiratory
pathologies were cited to be the most common
indication (n = 3070/4131). In studies that pre-
sented reasons for admissions (22/41 studies)
[19-21, 23, 24, 29-35, 37, 42, 44, 45,
47-50, 53, 54], respiratory diseases were also the
most common reason for PICU admission
(n=1372/3917).

Fifty-five unique pre-extubation assessments
were identified. We categorized these into four
categories: singular pre-extubation assessments,
collective pre-extubation assessments, SBT, and
others (Table 2, detailed description in
Tables S2-S7).

Outcome Definition

Among the included studies, there was hetero-
geneity in the definition of EF (Table 3). Thir-
teen studies (total patients, n = 2581) included
patients who required NIV post-extubation in
their EF count, whereas 28 studies (n = 5955)
defined EF as reintubation only. Timeframe
used to define EF ranged from 24 to 72 h. The
most common EF definition was reintubation
within 48 h (16 studies, n =3593). Overall
combined EF rate of all included studies was
13.6% (95% CI 11.3-16.2%, I* = 85.6%) (Fig. 2).
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Records identified through
database searching
(n=18075)

A 4

Duplicates removed
(n=6412)

Records screened
(n=11663)

Records excluded
(n=11312)

Full-text articles assessed
for eligibility
(n=351)

v

Studies included
(n=41)

Fig. 1 PRISMA flow diagram

Studies that included patients who required NIV
post-extubation as part of EF count (13 studies,
n =2581) had a combined EF rate of 15.8%
(95% CI 13-19.1%, I? = 66.7%), whereas studies
that defined EF as reintubation only (28 studies,
n = 5955) had a combined EF rate of 12.9%
(95% CI 10.2-16.2%, I* = 88.5%). Studies that
defined EF within 24 h (10 studies, n = 2417)
had a combined EF rate of 10.6% (95% CI
8.2-13.7%, I? = 68.7%), and those that defined
EF within 48 h (26 studies, n = 3388) had a

Full-text articles excluded with reasons (n=310)

e  wrong population (n=48)

e wrong outcomes (n=31)

e wrong study design (n=3)

e lack of full text (n=4)

e  abstract publications / conference papers
/ clinical trial registries (n=115)

e  reviews/commentaries (n=23)

e non-English language (n=23)

e  weaning protocol without pre-extubation
assessment (n=6)

e  only clinical characteristics without pre-
extubation assessment (n=31)

e duplicate data set (n=1)

e Other subpopulations (n=25)

o post-liver transplant (n=1)
burns (n=1)
laryngotracheoplasty (n=1)
post-surgical patients (n=1)
acute neurocritical illness (n=2)
post-cardiac surgery (n=19)

O O O O ©O

combined EF rate of 13.6% (95% CI 11-16.8%,
I? = 82.4%).

Risk of Bias Assessment

For RCTs, three were ranked as having high risk
of bias, two were of some concern, and one had
low risk of bias (Table S8). For observational
studies, overall quality was moderate to high.
Using the NOS cohort tool (Table S9), there
were 16 and 14 studies of high and moderate
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Table 1 Characteristic of included studies

Authors and
year (n = total
patients)

Continent Study design

Extubation failure
definition

Pre-extubation assessment studied

Singular pre-extubation assessments (bedside vital signs, blood tests, and ventilator parameters)

*Farias 1998 South
[21] America
(n=75)

*Farias 2002 South
[25] America
(n = 418)

Fontela 2005  South
(28] America
(n = 124)

*Johnston South
2010 [27] America
(n = 40)

Khemani 2017 North
[41] America
(n = 409)

Manczur 2000  Europe
(34]

(n = 47)

Randolph 2005 North
[64] America
(n = 171)

Silva-Cruz South
2018 [33] America
(n = 150)

Toida 2017 Asia
(32]

(n = 294)

Prospective

Prospective

Prospective

Prospective

Secondary
analysis of
prospective

study

Prospective

Prospective

Retrospective

Retrospective

Reintubation within 48 h

of extubation

Reintubation within 48 h

of extubation

Reintubation or use of NIV
post-extubation within
24 h of extubation

Reintubation within 48 h

of extubation

Reintubation within 48 h

of extubation

Reintubation within 24 h

of extubation

Reintubation or use of NIV

post-extubation within
24 h of extubation

Reintubation within 48 h

of extubation

Reintubation within 72 h

of extubation

RR, Pip,,,, tidal volume, minute volume,
A-a ratio, (others: RSBI, PaO,/FiO,

ratio)

RR, PaCO,, PaO,, Pi,,.,, tidal volume,
(others: PaO,/FiO, ratio, RSBI)

PaCO,, PaO,, mean airway pressure

(others: oxygenation index)

RR, arterial pH, PaCO,, PaO,, PIP, Pi,,,
PEEP, tidal volume, minute volume,
mean airway pressure, inspiratory time,
FiO,, (others: oxygenation index, RSBI,

load/force balance)

RR, HR, SpO,, maximum esophageal
pressure, Pip,.,, PEEP, tidal volume, phase
angle, inspiratory time, Tror,
compliance (others: pressure rate
product, pressure time product, tension
time index, RSBI, Pi/Pip. ***Ti/TroT

ratio)

RR, PaCO,, tidal volume, minute volume,
Ppreach» dynamic compliance (others: A-a

ratio, RSBI, CROP index)

Cumulative fluid balance

RR, PaO,, PIP, tidal volume, minute

volume, FiO,

Crying vital capacity, Pipqy
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Table 1 continued

Authors and  Continent Study design Extubation failure Pre-extubation assessment studied
year (n = total definition
patients)

Collective pre-extubation assessments

Baumeister North Prospective Reintubation within 24 h  RSBI, CROP index
1997 [44] America of extubation
(n = 47)
El-Khatib 1996 North Prospective Reintubation within 24 h  Pi/Pi,,
[56] America of extubation
(n = 50)
*Gehlbach North Prospective Reintubation within 48 h  Vd/Vt
2020 [46] America
(n = 189)
*Harikumar Europe Prospective Reintubation within 24 h  Tension time index (others: RR, PaCO,,
2009 [35] of extubation PaO,, PIP, Piy,,, inspiratory pressure,
(n = 80) tidal volume, FRC, airway resistance,

mean airway pressure, inspiratory time,
Trot, FiO,, compliance, Py, RSBI,
CROP index, Pi/Pi,,,,, Ti/TtoT ratio,

Pdi/Pdi,,,..)
*Hubble 2000  North Prospective Reintubation or use of NIV Vd/Vt (others: RR, SpO,, EtCO,, arterial
[42] America post-extubation within pH, base excess, HCO3 ™, PaCO,, PaO,,
(n = 45) 24 h of extubation pressure support, PIP, PEEP, tidal

volume, airway resistance, mean airway

pressure, FiO,, compliance)

*Noizet 2005  Europe Prospective Reintubation or use of NIV Combination of index (permutations
[30] post-extubation within involving RR, Pipay RSBI, ROP) (others:
(n =57) 24 h of extubation RR, PaCO,, PaO,, PIP, Pi,,,,, tidal

volume, FiO,, ROP, RSBI PaO,/FiO,

ratio, pressure time index, tension time

index)
*Riou 2012 Europe Prospective Reintubation or use of NIV Vd/Vt (others: RR, SpO,, arterial pH,
[29] post-extubation within HCO; ™, PaCO,, pressure support,
(n = 42) 24 h of extubation plateau pressure, PEEP, tidal volume,

airway resistance, compliance)
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Table 1 continued

Authors and

Continent Study design

Extubation failure

Pre-extubation assessment studied

year (n = total definition

patients)

*Thiagarajan North Prospective Reintubation within 24h ~ RSBI, CROP index (others: RR, arterial
1999 [37] America of extubation pH, PaCO,, PaO,, PIP, Pi,,,, PEEP,
(n = 227) tidal volume, minute volume, mean

airway pressure, FiO,, dynamic
compliance, PaO,/FiO, ratio, Pi/Pip.y,
Ti/TTOT ratio)

SBT

Abu-Sultaneh  North Quality Reintubation SBT
2017 [45] America improvement 1o 40| of extubation
(n = 1231) project

Bilan 2014 Asia RCT Reintubation SBT
[19] (did not specify timeframe)

(n = 102)

Chavez 2006  North Prospective Reintubation or use of NIV SBT
[43] America post-extubation within
(n = 70) 48 h of extubation

El-Beleidy Africa RCT Reintubation SBT (others: RR, tidal volume, FiO,)
2013 [20] within 48 h of extubation
(n = 36)

Farias 2001 South RCT Reintubation SBT
[65] America within 48 h of extubation
(n = 257)

Faustino 2017  North Secondary Primary outcome: SBT
(4] America analysis of reintubation within 24 h
(n = 2135) RCT of extubation

Secondary outcome:

Reintubation or use of NIV
post-extubation within
24 h of extubation

Ferguson 2011  North Retrospective Reintubation or use of NIV SBT
[54] America post-extubation within
(n = 500) 24 h of extubation

Foronda 2011  South RCT Reintubation within 48 h  SBT
[22] America of extubation
(n = 260)
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Table 1 continued

Authors and
year (n = total
patients)

Continent Study design

Extubation failure
definition

Pre-extubation assessment studied

Keivanfar 2020
(23]

(n = 68)
Krasinkiewicz
2021 [50]

(n = 427)
Laham 2015

(40]

(n = 319)

Loberger 2020
(39]
(n = 152)
Nascimento

2017 [26]
(n = 95)
Jouvet 2007

(31]

(n = 40)
Randolph 2002

(24]

(n = 182)
Others

*Jjland 2020
(47]
(n = 34)
*Mistri 2020
(48]
(n = 55)
*Rahman 2020
(53]
(n = 106)
*Subhash 2021
(51]
(n =26)

Asia

North

America

North

America

North

America

South

America

Europe

North

America

Europe

Asia

Africa

Asia

RCT

Retrospective

Prospective

Quality
improvement

project

Prospective

Prospective

RCT

Prospective

Prospective

Prospective

Prospective

Reintubation within 48 h

of extubation

Reintubation within 48 h

Reintubation or use of NIV
post-extubation within
24 h of extubation

Reintubation within 48 h

of extubation

Reintubation within 48 h

of extubation

Reintubation or use of NIV

post-extubation within
24 h of extubation

Reintubation or use of NIV

post-extubation within
24 h of extubation

Reintubation or use of NIV
post-extubation within
48 h of extubation

Reintubation within 48 h

Reintubation or use of NIV
post-extubation within
72 h of extubation

Reintubation or use of NIV
post-extubation within

48 h of extubation

SBT

SBT

SBT (others: RR, SpO,, venous oxygen
saturation, venous pH, venous pO,,
venous pCO,, arterial pH, PaCO,, PaO,,
pressure support, PIP, PEEP, tidal

volume, FiO,)

SBT

SBT

Weaning protocol + SBT

Weaning protocol + SBT

Diaphragm (and expiratory muscle)

ultrasound

Diaphragm ultrasound

Diaphragm (and lung) ultrasound

Diaphragm ultrasound
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Table 1 continued

Authors and  Continent Study design Extubation failure Pre-extubation assessment studied
year (n = total definition
patients)
*Valverde Europe Prospective Reintubation within 48 h  Diaphragm ultrasound
Montoro
2021 [52]
(n =47)
*Xue 2020 [49] Asia Prospective Not specified Diaphragm ultrasound
(n = 70)
Adderley 1987 North Retrospective Reintubation ETT leak test
[55] America (did not specify timeframe)
(n = 28)
Mhanna 2002  North Retrospective Reintubation within 24 h  ETT leak test
(38] America of extubation
(n = 109)
Wratney 2008 North Prospective Reintubation within 24h  ETT leak test
(36] America of extubation
(n =59)

A-a ratio alveolar-arterial ratio, CROP index compliance, rate, oxygenation, pressure index, £2CO, end-tidal carbon dioxide,
FiO, fraction of inspired oxygen, FRC functional residual capacity, HR heart rate, Py airway occlusion pressure, P2CO,
partial pressure of arterial carbon dioxide, P20, partial pressure of arterial oxygen, Py, the product of the measured
pressure change during a mechanical inflation (peak inspiratory pressure—positive end-expiratory pressure) and the ratio of
the spontancous tidal volume and the volume delivered by a positive pressure inflation, Pdi/Pdi,,,, transdiaphragmatic
pressure/maximal transdiaphragmatic inspiratory pressure ratio, PEEP positive end-expiratory pressure, P, maximal
inspiratory pressure, PIP peak inspiratory pressure, P/P%,,,, inspiratory pressure/maximal inspiratory pressure ratio, ROP
rapid shallow breathing occlusion pressure, RR respiratory rate, RSBI rapid shallow breathing index, SBT" spontaneous
breathing trial, SpO, oxygen saturation, T,/ T ror ratio inspiratory time/total time in one breath ratio, 777 total time in
one breath, Vd/Vt dead space

"Authors conducted SBT as part of the study, but did not present outcome data associated with SBT

quality, respectively. Using NOS case-control value < 0.001) [21, 25, 27, 30, 33, 35, 37, 41].

tool (Table S10), two studies were of high The most common blood test examined was the
quality, two studies of moderate quality, and partial pressure of arterial carbon dioxide
one study of low quality. (PaCOy). Ten studies examined PaCO, as pre-

extubation assessment (n=1379). The com-
Singular Pre-extubation Assessments bined mean difference in PaCO, between extu-

bation success and EF groups was —1.68 (95% CI
-5.13 to 1.78) mmHg (p-value =0.34)
[25, 27-30, 35, 37, 42]. The most common
ventilator parameter examined was tidal vol-
combined mean difference in RR between the ume. Thirteen studies examined tidal volume as

extubation success and EF groups was —7.32  Pre-extubation assessment  (n=1945). The
(95% CI —10.61 to —4.02) breaths/min (p- combined mean difference in tidal volume

The most common vital sign examined was the
respiratory rate (RR). Thirteen studies studied
RR as pre-extubation assessment (n = 1945). The
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Table 2 Pre-extubation assessments identified in the literature

Category Subcategory  Pre-extubation assessments

Bedside vital

assessments signs

Singular pre-extubation RR, SpO,, HR, EtCO,, cumulative fluid balance

Blood tests PaCO,, PaO,, arterial pH, HCO3™, venous oxygen saturation, venous pH,

partial pressure of venous carbon dioxide, partial pressure of venous oxygen,

base excess

Ventilator Tidal volume, Piy,,. FiO,, PIP, PEEP, minute volume, mean airway pressure,

parameters compliance, pressure support, inspiratory time, airway resistance, Tror,
dynamic compliance, inspiratory pressure, plateau pressure, maximum

esophageal pressure, FRC, phase angle, crying vital capacity, Ppreachs ROP, Pg

Collective pre- - RSBI, CROP index, PaO,/FiO, ratio, Pi/Pi,,,, tension time index, T;/TtoT

extubation ratio, Vd/Vt, A-a ratio, oxygenation index, pressure rate product, pressure time
assessments product, pressure time index, Pdi/Pdiy,.,, load/force balance, combination of
index (permutations involving RR, Pij,.,, RSBI, ROP)
SBT - SBT, weaning protocol + SBT
Others - Diaphragm/lung/expiratory muscle ultrasound, ETT leak test

A-a ratio alveolar—arterial ratio, CROP index compliance, rate, oxygenation, pressure index, £2CO, end-tidal carbon dioxide,
FiO, fraction of inspired oxygen, FRC functional residual capacity, HCO3;~ bicarbonate, HR heart rate, Py, airway
occlusion pressure, PaCO, partial pressure of arterial carbon dioxide, P20, partial pressure of arterial oxygen, Py, the
product of the measured pressure change during a mechanical inflation (peak inspiratory pressure—positive end-expiratory
pressure) and the ratio of the spontaneous tidal volume and the volume delivered by a positive pressure inflation, Pdi/Pdi,,,
transdiaphragmatic pressure/maximal transdiaphragmatic inspiratory pressure ratio, PEEP positive end-expiratory pressure,
Pi,,,. maximal inspiratory pressure, PIP peak inspiratory pressure, Pi/Pi,,, inspiratory pressure/maximal inspiratory
pressure ratio, ROP rapid shallow breathing occlusion pressure, RR respiratory rate, RSBI rapid shallow breathing index,
SBT spontancous breathing trial, SO, oxygen saturation, T,/Tror ratio inspiratory time/total time in one breath ratio,
Tror total time in one breath, Vd/Vr dead space

between the extubation success and EF groups included in the diagnostic meta-analysis

was 1.1 (95% CI 0.37-1.83) ml/kg (p-value <
0.05) [20, 21, 25, 27, 29, 30, 33, 35, 37, 41, 42].

Collective Pre-extubation Assessments

The most common index examined was the
rapid shallow breathing index (RSBI). Nine
studies examined RSBI as pre-extubation
assessment (n = 1400). The mean difference of
RSBI in the extubation success group compared
with EF group was —3.13 (95% CI -5.01 to
—1.26) breaths/min/ml/kg (p-value < 0.05)
[21, 25, 27, 35, 37, 41]. Seven of nine studies
that presented diagnostic accuracy results were

(Table S11). Noizet et al. [30] was not included
in the diagnostic meta-analysis as it was the
only study that reported age-adjusted data. As
such, it was not compatible with the rest of the
studies that reported unadjusted data. The
pooled sensitivity and specificity were 0.44
(95% CI 0.35-0.54) and 0.81 (95% CI
0.78-0.84), respectively. Subgroup analyses
conducted for studies that measured RSBI with
CPAP support during SBT resulted in modest
change to the pooled sensitivity and specificity
of 0.58 (95% CI 0.41-0.75) and 0.8 (95% CI
0.75-0.84), respectively.
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Table 3 Outcome definition

Definition of EF

Outcome timeframe

Author (year)

Reintubation only

Within 48 h of extubation

Within 72 h of extubation

Did not specify timeframe

Reintubation OR

patients placed on NIV post-extubation

Within 48 h of extubation

Not specified Not specified

Within 24 h of extubation

Within 24 h of extubation

El-Khatib 1996
Faustino 2017

Harikumar 2009
Abu-Sultaneh 2017

El-Beleidy 2013
Farias 1998
Farias 2001
Farias 2002
Foronda 2011
Fontela 2005
Gehlbach 2020
Rahman 2020
Adderley 1987
Chavez 2006
Faustino 2017
Ferguson 2011
Hubble 2000
Jjland 2020
Jouvet 2007
Keivanfar 2020
Laham 2015
Xue 2020

Baumeister 1997

Manczur 2000
Mhanna 2002
Thiagarajan 1999
Wratney 2008
Johnston 2010
Khemani 2017
Krasinkiewicz 2021
Loberger 2020
Mistri 2020
Nascimento 2017
Silva-Cruz 2018
Valverde Montoro 2021
Toida 2017

Bilan 2014

Noizet 2005
Randolph 2002
Randolph 2005
Riou 2012
Subhash 2021

The most sensitive index reported was the
compliance rate oxygenation pressure (CROP)
index. Four studies examined CROP index as
pre-extubation assessment (n = 401) and were
included for diagnostic meta-analysis (Table 4).
Out of the three pre-extubation assessments
included in our diagnostic meta-analysis, CROP
had the highest sensitivity (0.57, 95% CI
0.40-0.73) and highest AUC (0.98). The com-
bined mean difference in CROP index between
extubation success and EF groups was 0.5 (95%

CI 0.26-0.74) ml/kg/breath/min (p-value <

0.001) [35, 37].

Spontaneous Breathing Trial

Five of 13 studies (n = 1847) presented diag-
nostic accuracy results for the SBT and were
included for diagnostic meta-analysis. SBT had
the highest specificity (0.93, 95% CI 0.92-0.94)
(Table 4) in the prediction of EF. The technique
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Overall Reintubation Reintubation +  EF within 24 EF within 48
only NIV hours hours
Definition of extubation failure
Fig. 2 Extubation failure rates of included studies
of SBT within these five studies were heteroge- DISCUSSION

neous (Table S12). Table 5 presents the results of
the subgroup analyses and the characteristics of
studies within each analysis. Generally, there
were no statistically significant changes in the
pooled meta-analysis when we limited the
analysis to studies that conducted SBT with
pressure support compared with when we
included all SBT studies.

Other Pre-extubation Assessments

There were six studies on diaphragm ultrasound
(n =338), and it was the most common pre-
extubation assessment studied from 2020 to
2021. The common parameter of interest within
the six studies on diaphragm ultrasound was
diaphragm thickening fraction (DTF). The
combined mean difference of the DTF between
extubation success and EF group was 24.8%
(95% CI —-35.5% to 85.1%) (p-value = 0.42)
[47, 48, 52, 53]. Two of six studies that pre-
sented diagnostic accuracy revealed that, with
20-23.2% as cutoff, DTF predicted extubation
failure with 57.1-100% sensitivity and
76.2-89.4% specificity [51, 53].

Our systematic review revealed that many
parameters have been investigated as potential
tools to aid in the assessment for extubation
failure/success. These included RR, PaCO,, tidal
volume, RSBI, CROP index, and SBT. Among the
pre-extubation assessments that have been
described in the literature, CROP index had the
highest sensitivity and highest AUC; SBT had
the highest specificity. In addition, there was
heterogeneity in the definition of EF in our final
41 included studies.

Our systematic review differs from a previous
review that explored methods used to predict
extubation outcome in the PICU [57]. The pre-
vious review included only studies that defined
EF within 48 h and did not perform a meta-
analysis. We were broader in our EF definition
as we included EF as per defined in the studies
and hence included more studies in our review.
In addition, we performed a meta-analysis with
random-effects model, to account for the
heterogeneity in the methods and EF definition.
Our study revealed that there was a wide range
in the definition of EF across all studies—in
both what constituted EF and the duration used
to define EF. The most common definition was
reintubation alone within 48 h (16/41). We did
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£8gkE not find statistically significant differences in
SR o . .
o © El 2 c the combined EF rates across the various defi-
oS¢ g © 2 &3; & nitions (Fig. 2). Owing to insufficient number of
o . .
E’,‘, 2| 2 ~ § RS E studies, we were not able to examine the effects
—_— O . g
o Z 2 éq of the different outcome definitions on the
— o . . s
o) 2 8B e diagnostic accuracy results of pre-extubation
_Qc 8 T e ,5 § : & assessments. Standardizations in the EF defini-
2 = © S <|3| _‘.; g 8N~ tion in future primary studies will provide a
S S SN 25 g § more robust overall meta-analysis result. On the
E g i basis of our review, we propose that future
QI‘ N g§l'g g studies consider reintubation alone as their
- = n - S %\Tg k) primary outcome of interest. Placing patients
3 L\i K S 33 % E on NIV post-extubation should not be consid-
é l:Q N N” £ R T; E ered as EF for several reasons. For patients with
= e = 'g N g N an underlying progressive disease, using NIV
+ © 3 % §° = could be a new baseline for the patient and
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s oS 285 = who require NIV post-extubation may only
= = Se o & . . ) .
g e ;% g B require minimal short-term noninvasive sup-
" [Nl o o s . . .
= - =~ g 5 _g g port as they are clinically improving, and clin-
193 . .
® ™ 52838 icians may have preplanned NIV for these
N 2 N g" ﬁ; é patients in efforts to extubate patients in a more
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B NN ST= 3 timely manner.
T & S g N ; = § We found heterogeneity in the timeframe for
"g' i: @ § —§ 2B EF definition, with the most common time-
~aU | S N S r 8 frame being 48 h. Similar to our findings, a prior
(53
° < T~ 3 %i systematic review on adult population also
K S 3 E &, S revealed heterogeneity of the timeframe used in
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<2 S £ § ] ,;f 5t [58]. The Brazilian Guidelines for Mechanical
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e e L: = 5 reintubation within 48 h of extubation [57].
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» 8 = e = g g 52 than premature extubation. In an observational
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Se o8 defined EF as reintubation within 24 h, as >
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g g _g 2 k 80% of failures occurred within this time per-
% 2 g, ;\ =) ;o - iod [3]. Future studies are needed to better
ﬁ % £ 2R g define the most appropriate timeframe for EF
" ‘g 2 _g g § g & definition, describe the different causes of EF
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e g . ; 23 g = across different timepoints, delineate the rea-
- g © —§ g SRR g sons for reintubation, and determine whether
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S| % g a% ) 8 2 this could be attributed to premature
é 3 B = AN L:i 25 extubation.
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wn |8 i g I P2 g SBT as it is more common and practical to
= | & £ 8 F20R° consider extubation on the basis of patients’
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= '5 L,)E S LE8 clinical status as whole rather than isolated
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parameters, which makes diagnostic accuracy
results of parameters in isolation tough to
interpret. Our meta-analysis results showed that
RSBI, CROP index, and SBT are poor predictors
of EF (sensitivity range 0.14-0.57, LR+ range
2.23-3.50). For SBT, this could be due to the fact
that the majority of studies conducted SBT with
pressure support. There have been previous
discussions on whether pre-extubation assess-
ments should be conducted without pressure
support. Conducting SBT with pressure support
may overestimate extubation readiness as it
underestimates work of breathing [8, 59]. A
prospective trial also showed that using the
CPAP of 5 cm of water (cmH,0), as compared
with pressure support, can better predict effort
of breathing post-extubation [60]. Four out of
six SBT studies included in the diagnosis meta-
analysis conducted SBT with pressure support.
This may explain why SBT had a low pooled
sensitivity; pressure support overestimated the
patients’ extubation readiness, resulting in
increased false-negative results (i.e., passing
SBT, but failing extubation). Unfortunately,
there were not enough studies on SBT without
pressure support to perform a meaningful
comparison of meta-analysis results. In the
neonatal intensive care setting, a meta-analysis
of studies of SBT with CPAP (without pressure
support) in preterm infants reported a pooled
sensitivity of 0.4 (95% CI 0.24-0.58) and speci-
ficity of 0.97 (95% CI 0.85-0.99) [61]. Both
these numbers are fairly similar to what we
found. Hence, regardless of whether SBT is
conducted with pressure support or CPAP, these
data taken together may indicate that SBT is
innately poor at detecting patients who are at
risk for EF with its low sensitivity. This suggests
that bedside providers may require an addi-
tional test in addition to SBT, or explore other
SBT techniques, to reduce the risk of extubation
failure.

A review in an adult population studying the
predictive value RSBI suggested that serial RSBI
and rate of change in RSBI is more predictive
than a single RSBI measurement [62]. In addi-
tion, a prior prospective observational study
showed that maximum RSBI rate of <20%
predicted extubation failure with a sensitivity of
88.8% and specificity of 88.8% [63], whereas a

singular RSBI recorded at 120 min of SBT had a
sensitivity and specificity of 33% and 76%,
respectively. Most of the studies included in our
review were of singular RSBl measurement pre-
extubation, which had similar results when
predicting extubation failure (sensitivity 0.44,
specificity 0.81). Future studies can consider
investigating the rate of change of indices such
as RSBI and CROP index, instead of single
measurements in predicting extubation failure
in the pediatric population.

We found the CROP index having the high-
est AUC of the SROC curve at 0.98. This suggests
that CROP index distinguishes patients with EF
from extubation success patients well. However,
owing to the limited studies, we were unable to
perform a meta-regression to identify the
pooled cutoff value for CROP index. Future
studies should focus on and explore the pre-
dictability of CROP index so that results can be
more robustly analyzed.

Current pre-extubation assessments such as
RSBI, CROP index, and SBT have limitations as
they do not account for many other factors such
as sedation, risk of upper airway obstruction, or
cough or gag reflex that may affect extubation
outcome [8]. This is congruent with a recom-
mendation by a recent pediatric clinical guide-
line suggested protocolizing extubation
readiness test (ERT) bundle, which considers the
factors above, in addition to performing SBT [7].
Future studies should explore the utility of a
more robust model that combines risk factors
and pre-extubation assessments to predict EF in
a holistic manner. Performing a multiple logis-
tic regression to identify both risk factors and
pre-extubation assessments that have signifi-
cant associations with extubation failure would
help future investigators to formulate a model
that is more comprehensive and holistic.

Limitation of the Review

Our review aimed to be comprehensive by
expanding the scope beyond common predic-
tors of extubation readiness and extubation
failure definitions. Indeed, we have identified
numerous parameters that have been studied
thus far, and to the best of our knowledge, this
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is one of the largest systematic reviews on this
topic to date. Most of the identified studies were
conducted in North and South America (26/41),
limiting the generalizability of our results in
geographical regions where disease epidemiol-
ogy and care provision may be different. This
geographical bias could be due to our inclusion
criteria excluding studies not published in
English. There is high statistical and clinical
heterogeneity across our included studies. We
attempted to address these by applying the
random-effects model in our meta-analysis and
performing certain subgroup analyses. Our
subgroup analyses conducted for SBT (Table 5)
suggest that the heterogeneity could be attrib-
uted to clinical heterogeneity (e.g., SBT tech-
nique or outcome definition) as there is a
general downtrend in I when limited to studies
with same techniques or definitions.

Considerations for Future Research

Although observational studies garnered high-
to-moderate quality in the risk of bias assess-
ment, the reliability of the results is limited as
the NOS tool does not capture the risk of bias in
the domain of outcome assessment well. In the
context of our review, it is important to have
the results of the pre-extubation assessment
blinded to the outcome assessors, and have a
specific set of criteria for reintubation rather
than for it to be physician dependent. However,
according to the NOS tool, as long as there is
written documentation of the outcome that can
be found in the publication, a point is given to
the domain [13]. Hence, future studies should
aim to have the collected data blinded to the
outcome assessors and have a specific set of
criteria for reintubation rather than for it to be
physician dependent, as there is likely to be a
difference in threshold when performing rescue
interventions such as reintubation or applica-
tion of NIV in patients. Future research should
strongly consider investigating SBT without
pressure support (i.e., SBT on T-piece or CPAP)
and comparing with their diagnostic accuracy
with SBTs with pressure support. This will pro-
vide critical data to inform best practice when
using SBT at the bedside. Also, as the CROP

index had the highest AUC, more studies
should be conducted to validate the diagnostic
accuracy of this index in predicting EF in
children.

CONCLUSION

Our systematic review showed that numerous
studies have been conducted on this important
aspect of PICU care, albeit with much hetero-
geneity. There is a need to find consensus on
the definition of EF to allow better comparison
of outcomes and increase reliability of future
meta-analysis. Owing to many confounding
factors that affect extubation outcome, future
studies should potentially explore the possibil-
ities of combining various tools to develop a
model that predicts EF in a more robust
manner.
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