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context: Extubation failure (EF) is common in preterm neonates and may be associated with
adverse outcomes.

oBJECTIVE: To systematically review and meta-analyze the existing literature on predictors and
outcomes of EF in preterm neonates.

patA sources: MEDLINE, Epub Ahead of Print, In-Process & Other Non-Indexed Citations,
Embase (OvidSP), CINAHL (EBSCOHost), and Cochrane Library (Wiley) from 1995 onward.
The search strategy was developed by a reference librarian.

STUDY SELECTION: Experimental or observational studies reporting on predictors and/or outcomes
related to EF (defined as reintubation within 7 days) in preterm neonates less than 37 weeks
were eligible. Predictors included machine learning (ML) algorithms and lung ultrasound
(LUS). Main outcome of interest was association of EF with mortality and/or bronchopulmo-
nary dysplasia (BPD).

DATA EXTRACTION: Studies identified by the search strategy were screened based on title and
abstract. Data from included studies were extracted independently by 2 authors, along with
adjudication of risk of bias. RevMan Web was used to conduct meta-analyses.

ResuLTs: Out of 8336 studies screened, 120 were included. Neonates with lower gestational age
at birth, birthweight, postmenstrual age, and weight at extubation were more likely to
experience EF. Higher level of pre-extubation respiratory support, indicated by lower pre-
extubation pH and higher pre-extubation mean airway pressure, fraction of inspired oxygen,
and Pco, were associated with EF risk. ML models showed variable accuracy and lower external
validity. LUS may be a promising predictor, though scoring systems varied. EF was associated
with higher odds of mortality and/or BPD (pooled odds ratio [OR], 4.7; 95% CI, 2.84-7.76) as
well as the individual components of the composite: mortality (pooled OR, 3.87; 95% CI, 2.35-
6.36) and BPD (pooled OR, 3.27; 95% CI, 2.54-4.21).

LIMITATIONS: Associations were derived from unadjusted data, precluding a definitive causal rela-
tionship between EF and predictors/outcomes.

concLusions: Lower gestational and chronological age and higher levels of pre-extubation ven-
tilation support were associated with EF. ML models and LUS scores require further validation
in larger studies. EF was associated with mortality and/or BPD.
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INTRODUCTION

Preterm birth, defined as delivery occurring before
37 weeks of gestation, accounts for approximately 10%
of all births." Among the challenges faced by preterm new-
borns, respiratory distress syndrome (RDS) is a frequent
comorbidity. Although noninvasive ventilation techniques
have become the preferable option in RDS management,”
invasive mechanical ventilation (IMV) remains a life-
supporting strategy. Notably, the need for IMV inversely
correlates with gestational age (GA), and a recent Canadian
study showed that approximately 75% of preterm babies
born before 29 weeks of GA will require IMV during initial
hospitalization.®> Despite the life-saving nature of IMV,
its prolonged cumulative use may be a risk factor for
morbidities, including ventilator-associated injury, bron-
chopulmonary dysplasia (BPD), and neurodevelopmental
impairment.*"® Consequently, there is a growing emphasis
on extubation as soon as possible.?

Despite the recognition of the importance of early extuba-
tion, practices surrounding ventilator weaning in preterm
neonates remain heterogeneous across clinical settings.
The absence of standardized guidelines further exacerbates
this variability, leading to inconsistencies in periextubation
practices, including extubation timing, postextubation respi-
ratory support, and criteria for reintubation. Another chal-
lenge lies in the fact that, depending on the population
being evaluated, between 12% and 50% of preterm neonates
experience extubation failure (EF), requiring reintubation
shortly after transitioning to noninvasive support.”*° Given
the potential consequences associated with EF and conse-
quent prolonged IMYV, it is imperative to identify predictors
of EF. Considering these challenges, this systematic review
and meta-analysis aims to consolidate existing evidence on
predictors and outcomes of EF in preterm newborns. By syn-
thesizing available data, this review seeks to provide an up-
to-date landscape of current medical literature, aid clinical
decision-making, and identify knowledge gaps for future
research.

METHODS

We conducted this systematic review and meta-analysis fol-
lowing the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines.* The study proto-
col was registered on PROSPERO (registration number
CRD42023395729).

Search Strategy and Study Selection

A comprehensive systematic literature search was
conducted on November 18, 2022, and updated on
December 26, 2023, across multiple databases: MEDLINE,
Epub Ahead of Print, In-Process & Other Non-Indexed
Citations, Embase (OvidSP), CINAHL (EBSCOHost), and
Cochrane Library (Wiley). The search included articles pub-
lished in English from 1995 onwards. Detailed search
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strategies for each database are provided in the
Supplementary Material (Supplemental Appendix 1).

Articles included for analyses consisted of observational
(cohort and case-control studies) and randomized con-
trolled trials (RCTs) reporting clinical predictors or out-
comes related to EF in English-language, peer-reviewed
journals. Studies without a control group were included
but were not eligible for meta-analysis due to lack of com-
parative data. Trials that randomized participants based on
a predictor of interest were meta analyzed separately from
observational studies. On the other hand, many RCTs ran-
domized participants based on an intervention that was
not a predictor of interest for our review; however, if the
data provided allowed for an ascertainment of a predictor’s
relationship with EF, the study population was treated as a
cohort and included in meta-analyses with other observa-
tional studies. Exclusion criteria composed of studies exclu-
sively analyzing spontaneous breathing trials or related
ventilator maneuvers/parameters pre-extubation, as this
has been the subject of a recent systematic review.'?
Similarly, studies that provided data only on postextubation
practices to prevent EF, including comparison of various
noninvasive modes, were excluded, as these targeted prac-
tices have been the subject of other recent systematic
reviews.!31® Narrative reviews, dissertations, case reports,
letters to the editor, conference abstracts, and cross-sec-
tional studies were excluded.

Participant Characteristics

We included studies reporting on preterm infants born at
less than 37 weeks GA, with data on pre-extubation clinical
predictors and/or outcomes related to EF. Studies involving
participants who were intubated for short-term procedures
such as surgeries were excluded. In studies including both
term and preterm neonates, we included the entire cohort if
more than 80% of patients were known to be preterm. If
separate data for preterm infants were available in the
paper or obtained by contacting the authors, we included
only the preterm data.

EF Definition

Extubation failure was defined as the need for reintubation
within 7 days after a planned extubation.'” In cases in which
studies lacked a clear definition of EF, authors were con-
tacted to ascertain criteria for reintubation within the
prespecified time frame. Studies that included unplanned
extubations were included only if these accounted for
less than 20% of the total events. In studies involving
Intubation-Surfactant-Extubation (INSURE) procedure, EF
was defined as the need for IMV within 7 days after the
INSURE attempt but excluded instances in which the rein-
tubation was only for a repeat INSURE for additional
surfactant.
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Predictors and Outcomes

Key predictors were determined a priori and included the
following pre-extubation variables: birth weight (BW), GA
at birth, 5-minute Apgar score, presurfactant fraction of
inspired oxygen (Fio,), postmenstrual age at extubation,
weight at extubation, pre-extubation Fio,, mean airway pres-
sure (MAP) prior to extubation, Pco,, and pH. We converted
blood gas parameters from kPa to mmHg when needed using
the National Institute of Standards and Technology guide-
lines.'® Additional predictors encompassed clinical (eg, ante-
natal steroids, maternal comorbidities), laboratory (eg, blood
gas parameters), and ventilation parameters (eg, mode of
ventilation, peak inspiratory pressure [PIP], positive end-
expiratory pressure [PEEP]). We also examined lung ultra-
sound (LUS) and artificial intelligence models as predictors.
For this review, we have chosen to use the term “Machine
Learning” (ML) when referring to studies that utilized artifi-
cial intelligence models. Postextubation respiratory support
modes and related interventions were considered beyond
the scope of this review, as they have been the focus of sev-
eral recent reviews.'>™1¢

The main outcome of interest was the composite endpoint
of mortality and/or BPD. Other key outcomes of interest
were mortality, BPD, moderate-to-severe BPD, and
composite of mortality and/or moderate-to-severe BPD.
Additional outcomes of interest encompassed a range of
complications such as retinopathy of prematurity (ROP)
stage 3 or higher, necrotizing enterocolitis (NEC), ventilator-
associated pneumonia (VAP), intraventricular hemorrhage
(IVH), periventricular leukomalacia (PVL), pneumothorax/
pulmonary air leak, need for tracheostomy, length of hospital
stay, duration of positive pressure respiratory support, dura-
tion of invasive respiratory support, and duration of supple-
mental oxygen therapy. Definitions for individual outcomes
were as defined by authors, which were checked for clinical
heterogeneity prior to meta-analyses. For a reported out-
come to be eligible for inclusion in this review, the original
study must have specifically indicated that the outcome
occurred after EF.

Data Extraction

Literature searches were conducted by L.H.C. with assis-
tance from a reference librarian, using a reference manage-
ment software (Covidence systematic review software,
Veritas Health Innovation, available at http://www.covi-
dence.org). Screening of titles and abstracts was performed
by L.H.C, C.R, and M.G.,, with final eligibility determined
based on predefined criteria. Data extraction was con-
ducted by L.H.C. and M.G. using a standardized data collec-
tion form. No blinding strategies were employed, nor were
any assessment of concordance of data extraction between
the 2 authors using Kappa.

Methodological quality of included studies was independ-
ently assessed by LH.C. and M.G. using a modified
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Newcastle-Ottawa Scale for observational studies and the
Cochrane Collaboration ROB tool (version 2) for experimen-
tal studies (Supplemental Appendices 2 and 3). Studies were
categorized as high (3 or more domains deemed to have
high/unclear risk of bias), moderate (2 domains deemed
to have high/unclear risk of bias), or low risk of bias (maxi-
mum of 1 domain considered high/unclear risk of bias).

Statistical Analysis

Data synthesis and analysis were performed using RevMan
Web (version 8.1.1, Cochrane Collaboration, available at
https://revman.cochrane.org/info). For dichotomous out-
comes, Mantel-Haenszel method with random-effects model
was utilized, presenting results as pooled odds ratios (ORs)
with 95% Cls. Continuous outcomes were analyzed using
inverse variance with random-effects model, presenting
weighted mean differences with 95% Cls. Conversion of
median and IQR or range data to mean and SD was
performed using Wan’s method.*?

Heterogeneity was assessed using x° test (X°) and I-
squared statistic (I?), with I? values greater than 75% indicat-
ing significant heterogeneity. Qualitative assessment of study
design, participants, predictors, and outcomes informed
evaluation of clinical and methodological heterogeneity.

Subgroup Analyses

Subgroup analyses were conducted only for key predictors,
the main outcome of interest and key outcomes of interest
associated with EF. We conducted the following sets of sub-
group analyses: (1) including studies focusing on extreme
prematurity (<28 weeks GA, BW <1000 g), (2) studies cat-
egorized as low risk of bias, and (3) studies published from
2010 onward (reflecting the period when noninvasive res-
piratory support became increasingly utilized).

RESULTS

Search Strategy and Study Selection

The results of the database search and subsequent study
selection are delineated in Figure 1. The initial search yielded
8336 references and following removal of duplicates and
screening of titles/abstracts, 828 studies were deemed rel-
evant for full-text review. Ultimately, 120 studies were
included.”"1%2%-135 Of these, 13 focused on predictors and/
or outcomes of the INSURE technique, 18 reported on the
use of ML, and 5 examined LUS as a predictor. The remaining
studies covered a range of topics: 4 focused on outcomes, 46
on predictors, and 34 on a combination of predictors and out-
comes. Detailed characteristics of the included studies, along
with the risk of bias assessment, are provided in Supple-
mental Table 1 of the Supplementary Material. Among the
included studies, 61 (51%) were adjudicated to exhibit a
low risk of bias, whereas 37 (31%) and 22 (18%) had a mod-
erate and high risk of bias, respectively.
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FIGURE 1.

PRISMA flow diagram of included studies.

Predictors of EF

Table 1 includes a comprehensive summary of pooled esti-
mates of all predictors of EF in preterm neonates based on
meta-analyses of included studies.
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Included studies ongoing (n =0)
Studies awaiting classification (n = 0)

N covidence

Clinical Predictors

Preterm infants who experienced EF exhibited greater
immaturity at birth and at time of extubation (lower BW
and GA, lower postmenstrual age and weight at extubation).
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TABLE 1. Predictors of Extubation Failure

Predictor

Number of Studies

Number of Patients

OR or MD (95% CI)

Heterogeneity 12, %

Antenatal and maternal characteristics

Antenatal steroids 41 6742 OR 1.02 (0.92-1.12) 8
Multiple pregnancy 10 1656 OR 0.88 (0.67—1.15) 10
Pregnancy induced hypertension 9 1488 OR 1.07 (0.76—1.51) 17
Maternal age at delivery 4 656 MD 0.69 (—0.79 to 2.17) 23
Maternal chorioamnionitis 19 2187 OR 1.11 (0.85-1.45) 25
Positive maternal GBS status 4 583 OR 2.30 (0.9-5.93) 26
Prolonged ROM 13 2077 OR 0.83 (0.6-1.16) 51
Delivery characteristics
C-section 26 3536 OR 0.9 (0.67-1.22) 63
Birth weight 64 10037 MD —164 (—202.7 to —125.3) 93
Birth weight <1000 g 6 1105 OR 2.82 (1.38-5.74) 64
GA at birth 64 9620 MD —1.33 (—1.54 to —1.12) 91
SGA/IUGR 20 4277 OR 1.21 (0.91-1.62) 28
Male 53 9470 OR 1.54 (1.15-1.55) 44
5-min Apgar 31 5071 MD —0.47 (—=0.77 to —0.17) 80
Chest compressions on DR 2 1141 OR 2.47 (1.46—4.18) 0
Epinephrine on DR 3 1269 OR 1.9 (0.99-3.66) 0
Intubation on DR 15 2124 OR 1.68 (1.21-2.32) 41
CRIB 2 483 MD 0.55 (—0.03 to 1.12) 0
Severe RDS 2 150 OR 3.09 (0.68-13.97) 67
Characteristics of hospital course
Inotropic support first 7 days of life 3 632 OR 2.14 (1.64-2.79) 70
Surfactant 25 3359 OR 1.44 (1.12-1.84) 1
Number of surfactant doses 4 1535 MD 0.49 (0.37-0.61) 0
More than 1 surfactant 5 904 OR 4.26 (2.93-6.19) 0
Presurfactant Fio, 1 108 MD 0.08 (0.04—0.12) —
Highest Fio, (first 24 hours) 4 1369 MD 0.02 (—0.04 to 0.08) 76
PDA treatment 5 517 OR 1.71 (1.07-2.72) 44
A/a ratio 2 112 MD —0.02 (—0.1 to 0.06) 53
Early onset sepsis 6 1047 OR 1.94 (1.28-2.93) 0
Late-onset sepsis 1 905 1.59 (1.21-2.09) —
Any methylxanthine 29 5242 OR 1.41 (0.89-2.22) 7
Doxapram 2 82 OR 0.51 (0.14—1.85) 0
Early caffeine 1 83 OR 1.03 (0.35-3.07) —
Higher dose of caffeine 3 439 OR 0.31 (0.18-0.53) 0
Permissive hypercapnia 1 49 OR 0.59 (0.15-2.29) —
Characteristics from extubation day
Postmenstrual age at extubation 31 5555 MD —0.99 (—1.27 to —0.71) 72
Age at extubation 46 7407 MD +1.54 (0.68-2.4) 83
Weight at extubation 32 3304 MD —147.1 (—186.1 to —108.2) 65
Overnight extubation® 1 379 OR 1.07 (0.6-1.92) —
Duration of intubation 23 4388 MD 1.83 (0.26-3.40) 88
Early extubation 1 86 OR 0.84 (0.35-2.01) —
Physiotherapy postextubation 1 120 OR 0.59 (0.10-3.67) —
RSS 8 1172 MD 0.19 (—0.04 to 0.43) 86
Unplanned extubation 3 681 OR 4.65 (2.25-9.63) 0
Postnatal steroids 14 1661 OR 1.91 (1.22-3.00) 80
Blood gas pre extubation
pH 30 5275 MD —0.03 (—0.04 to —0.01) 79
Pco, 32 5193 MD 3.13 (1.88-4.37) 39
Bicarbonate 10 914 MD —0.08 (—0.95 to 0.8)
Base excess 12 1596 MD —0.5 (—1.33 to 0.33) 68
P02 7 1369 MD —5.17 (—9.41 to —0.92) 62

(Continued on next page)
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TABLE 1. Predictors of Extubation Failure (Continued)

Predictor Number of Studies

Number of Patients

OR or MD (95% CI) Heterogeneity 12, %

Pre-extubation ventilation settings

Fio, 40 5968 MD 0.02 (0.01-0.03) 85
MAP 29 4326 MD 0.31 (0.15-0.46) 57
PIP 27 2684 MD 0.31 (0.01-0.61) 63
Tidal volume 13 911 MD —0.39 (—0.6 to —0.18) 92
PEEP 21 2369 MD 0.14 (0.02—0.26) 74
Ti 4 637 MD —0.02 (—0.03 to —0.01) 0
Rate 22 2869 MD 0.69 (—0.05 to 1.43) 49
High-frequency ventilation (vs conventional) 3 590 OR 1.85 (0.45-7.63) 53
NAVA ventilation (vs any), RCT 1 53 OR 0.08 (0-1.47) —

Abbreviations: A/a ratio, alveolar-arterial gradient; CRIB, clinical risk index for babies; DR, delivery room; Fio,, fraction of inspired oxygen; GA, gestational age; GBS, group B streptococcus;
IUGR, intrauterine growth restriction; MAP, mean airway pressure; MD, mean difference; NAVA, neurally adjusted ventilatory assist; OR, odds ratio; PDA, patent ductus arteriosus; PEEP,
positive end-expiratory pressure; P02, partial pressure of oxygen; Prolonged ROM, rupture of membranes for more than 18 hours prior to delivery; RCT, randomized controlled trial; RDS,
respiratory distress syndrome; ROM, rupture of membranes; RSS, respiratory severity score; SGA, small for gestational age; Ti, inspiratory time.

@ Guy et al studied association of time of day and extubation failure/success, dividing extubation events into “overnight extubation” and “day extubation.”

Additionally, this group was more likely to received exten-
sive resuscitation at birth (lower 5-minute Apgar scores,
more frequent chest compressions and intubation in the
delivery room). Male sex was more prevalent among those
with EF, as were occurrences of early and late-onset sepsis,
along with longer duration of intubation. The EF group also
more frequently received surfactant (including higher
doses) and exhibited higher presurfactant Fio,. Additional
significant clinical characteristics of patients with EF
included unplanned extubation, patent ductus arteriosus
(PDA) requiring treatment, and exposure to postnatal ste-
roids to facilitate extubation.

Ventilation-Related Predictors

Pre-extubation blood gas parameters revealed that respira-
tory acidosis, higher Pco,, and lower Po, were significantly
associated with EF. With respect to pre-extubation ventila-
tory settings, preterm neonates who experienced EF
received more intensive respiratory support prior to extu-
bation (as indicated by higher Fio,, MAP, PIP, PEEP).
Additionally, neonates in the EF group received lower tidal
volume and shorter inspiratory time. Notably, there
were no discernible differences regarding the use of con-
ventional ventilation when compared with high-frequency
ventilation **3*>7? or neurally adjusted ventilatory assist.>°

Machine Learning to Predict EF

The studies employing ML to predict EF are summarized in
Table 2. Broadly, these studies encompass a range of
combinations of baseline characteristics, including GA, BW,
postmenstrual age, and weight at extubation. Additionally,
they incorporate pre-extubation ventilatory settings and
blood gas parameters. Some studies correlate these clinical
predictors with automatic monitoring analysis tools such as
AUREA, Heart Rate Characteristics Index, and Pneumota-
chograph measurements. Internal validation of these
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predictive models ranged from 0.65 to 0.92, indicating mod-
erate to high levels of accuracy within the datasets used for
model development. External validation generally demon-
strated lower accuracy levels (area under the curve
[AUC] 0.607-0.836).

Lung and Diaphragm Ultrasound to Predict EF

Five studies presented data from lung or diaphragm ultra-
sound aimed at predicting EF, with detailed findings sum-
marized in Supplemental Table 2 of the Supplementary
Material. There was considerable variability regarding the
LUS scoring systems employed; in general utilizing between
3 to 7 zones bilaterally, and scoring according to the local
ultrasound pattern, with a range from 0 to 4 to 6 points in
each zone. All systems demonstrated significant differences
between the EF and extubation success (ES) groups. The
scoring systems and associated cutoffs yielded sensitivity
levels as high as 100% and specificity levels reaching
93.8%. Notably, scoring systems encompassing a greater
number of chest zones yielded higher overall accuracy. Of
the included studies, only 2 incorporated measurements
of diaphragm thickness and excursion®®?*; they presented
variable techniques as well as scoring systems, and demon-
strated conflicting results in their ability to predict EF.

Outcomes Associated With EF

Forest plots illustrating the impact of EF on the main as well
as key outcomes of interest are depicted in Figure 2, with
comprehensive details provided in Table 3. EF was notably
associated with the main outcome of mortality and/or BPD,
as well as the key outcomes of mortality, occurrence of BPD,
moderate-severe BPD, and mortality and/or moderate-
severe BPD. Additionally, EF prolonged the duration of res-
piratory support, hospital stay, duration of IMV, duration of
oxygen requirement, and the overall cost of hospitalization.
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TABLE 2. Summary of Studies Evaluating Machine Learning to Predict Extubation Failure
Author, Year, | N Training | N Validation Internal Validation — External Validation —
Country Set Set Predictors Included Models Examined AUC and 95% ClI AUC and 95% ClI
Chakraborty, 397 180 HRGi, BW, PMA at extubation, antibiotic | MLR 0.72 (0.71-0.74) 0.68 (0.59-0.77)
2020, UK
Chen, 2023, 432 183 BW, 5-minute Apgar, PMA at extubation, | Nomogram, MLR 0.744 (0.69-0.80) 0.826 (0.79-0.93)
China P02 and Pco, before extubation,
NIV mode after extubation
Cheng, 2021, 128 58 5-minute Apgar, EOS, pH, HgB before Nomogram, MLR 0.824 (0.748—0.90) 0.797
China extubation, caffeine
Dryer, 2022, — 177 GA at birth, age at extubation, weight | Predicted — 0.72 (0.65-0.80)
USA at extubation, pre-extubation probabilities,
Fio2, pre-extubation pH, highest based on
RSS in the first 6 hours of age available
(Gupta et al) extubation
success
calculator
Goel, 2017, 96 — BW, HRGi baseline epoch score, Hierarchical mixed Estimated 14.0824, SE, | —
UK blood culture results, duration model regression 6.6088; P 0.0331
of ventilation, PMA analysis
Gourdeau, — — BW, bicarbonate, base excess, Mutual information, | 0.76 —
2015, Pco,, weight at extubation, PMA synthetic minority
Canada oversampling
and USA technique, SVM
Gupta, 2019, 312 — GA at birth, age at extubation, weight | MLR 0.77 —
USA at extubation, pre-extubation Fio2,
pre-extubation pH, highest RSS in
the first 6 hours of age
Hoffman, 89 — ol (marker of sympathetic tone from [ Spectral analysis, 0.81 (0.7-0.93) —
2022, USA EKG continuous recording), GA, MLR
pre-extubation tidal volume and Fio,
Kanbar, 2018, — — BW, GA, cardiorespiratory metrics, RF, BRF, CD-BRF RF 0.65 —
Canada patterns and variability (AUREA) BRF 0.66
CD-BRF 0.7
Kanbar, 2022, 241 — Clinical data and cardiorespiratory Principal component | Clinical classifier AUC, | —
Canada metrics, patterns and variability features, CD-BRF 0.67
(AUREA) Cardiorespiratory
classifier AUC,
0.67
Clinical and
cardiorespiratory
classifier AUC, 0.75
Mikhno, 179 — Fiop, monocytes, rapid shallow MLR 0.87 —
2012, USA breathing index, heart rate, Pao,/
Fio, index, work of breathing
Mueller, 486 — 54 input variables (demographic and | ANN, SVM, CNB, ANN 0.921 ANN 0.682
2013, USA clinical characteristics, maternal boosted DT, and MLR 0.853 MLR 0.776
and newborn medication, ventilator MLR CNB 0.769 CNB 0.607
settings)
Mueller, 130 53 13 variables combined, from ANN, MLR AAN 0.81 ANN 0.87
2004, USA 51 variables analyzed (pH, Spo,, MLR 0.81 MLR 0.75
Mueller, gestational age, PEEP, sex, pulse,
2006, USA mode of ventilation, Pcco,, MAP, PIP,
I:E ratio, tidal volume)
Natarajan, 1348 — 20 variables included: demographics, MLR, XGB XGBoost 0.82 —
2023, USA medications, vital signs and MLR 0.81
respiratory support readings
Precup, 2012, 53 — Respiratory pattern from RIP and EEG | SVM, MLR Accuracy: Accuracy:
Canada signals, analyzed with AUREA Failure class: 85.4% Failure class: 83.2%
and USA Success class: 89.7% Success class: 73.6%
Song, 2023, 481 Internal NExt-Predictor: vital signs, clinical LOCF, MLR, RF, GBM, | MLR 0.783 (0.780-0.795) | Internal validation
Korea® validation characteristics (GA, BW, PMA DT, SGD, CNB, XGB | RF 0.883 (0.881-0.884) MLR 0.892 (0.890—-0.895)
n=197 at the time of extubation, sex, RF 0.836 (0.833—-0.839)
External pre-extubation pH and Pco,), External validation
validation ventilator settings (Fio,, PEEP, MAP, MLR 0.766 (0.765—-0.768)
n=2802 frequency), respiratory indices RF 0.720 (0.718-0.721)
Abbreviations: ANN, artificial neural networks; AUC, area under the curve; BRF, balanced random forest; BW, birth weight; CD-BRF, clinical decision — balanced random forest; DT, decision
tree; EEG, electroencephalogram; EKG, electrocardiogram; EOS, early onset sepsis; Fio,, fraction of inspired oxygen; GA, gestational age; GBM, gradient boosting model; HEB, hemoglobin;
HRGi, heart rate characteristics index; IE, inspiratory to expiratory ratio; LOCF, last observation carried forward; MAP, mean airway pressure; MLR, multivariable logistic regression; NIV,
noninvasive ventilation; Pao,, partial pressure of oxygen; Pcco,, partial pressure of carbon-dioxide; PEEP, positive end-expiratory pressure; PIP, peak inspiratory pressure; PMA,
postmenstrual age; Po,, partial pressure of oxygen; RF, random forest; RSS, respiratory severity score; SE, standard error; SGD, stochastic gradient descent classifier; Spo,, oxygen
saturation; SVM, support vector machine; XGB, extreme gradient boosting.
@ Partial results presented in order to summarize the data.
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Mortality/Any BPD

Extubation Failure  Extubation Success. 0dds ratio Odds ratio
Study or Subgroup  Events  Total  Events  Total  Weight M-H, Random,95% CI M-H, Random, 95% CI

Chawia 2017 281 388 180 538 221% 522[393,6.95] -
Cheng 2021 2 35 54 93 145% 158[069.359] 4
Dryer 2022 4“4 53 3 15 14.8% 363[162,813) —

He 2022 97 110 o 249 173% 1230653, 2317) -
Manley 2016 43 56 62 18 16.0% 299[146.6.12) —
Shalish 2023 61 70 68 147 153%  7.87(364.1703] —
Total (95% CI) 712 1260 100.0% 470(2:84,7.76] *
Total events 550

Heterogeneity: Tau = 0.28; Chi* = 19.33, df = 5 (P = 0.002); I* = 74%
Test for overall effect: Z = 6.03 (P < 0.00001)
Test for subgroup differences: Not applicable

001 01 10 100
Extubation Success  Extubation Failure
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Odds ratio Odds ratio
Study or Subgroup  log[OR] SE  Weight IV, Random, 95% CI IV, Random, 95% CI
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Cheng 2021 1609438 0.760117 6.0% 5.00([1.13,22.18] IS
Dryer 2022 3.009193 1.499737 23% 20.27[1.07,38323] I —
Dursun 2021 0577315 0.786676 5.8% 1.78[0.38,8.32] —_—
He 2022 2643215 0.413587 96% 14.06[6.25, 31.62] ——
Hermeto 2009 - 2 2862201 0.992831 43% 17.50([2.50, 122.50] —_—
Kaczmarek 2013 1.252763 1.458962 25% 3.50[0.20, 61.09] —_—
Kidman 2021 -0.2948 0.923848 48% 0.74[0.12,4.55) ——
Li 2022 1.059525 0.721163 6.3% 289070, 11.86] t—
Manley 2016 1.940179 0.833839 54% 6.96[1.36, 35.68] —
Menshykova 2016 3.293886 1.092363 38% 26.95(3.17,229.26] -
Rallis 2023 0.824175 1.434414 25% 228[0.14,37.92] —_—
Shalish 2023 1.340385 0.745271 6.1% 3.82[0.89, 16.46] —
Spaggiari 2021 -0.028171 0.613667 7.3% 097[029,324] —_—
Tagare 2013 -1.461018 1596548 2.1% 0.23[0.01, 5.30] |
Tana 2018 -0.861661 1.078142 3.9% 0.42[0.05, 3.50] ———
Teixeira 2020 0.942608 0.583751 76% 257[082,8.06] —
Total (95% CI) 100.0% 3.87 [2.35, 6.36] .
Heterogeneity: Tau® = 0.50; Chi* = 36.97, df = 17 (P = 0.003), I* = 54%

Test for overall effect: Z = 5.32 (P < 0.00001)
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Mortality/Moderate-Severe BPD

Extubation Failure  Extubation Success ©Odds ratio ©Odds ratio
Study or Subgroup  Events  Total  Events  Total  Weight IV, Random, 95% CI IV, Random, 95% CI

Dryer 2022 2 53 1 15 324% 553[254,1206] .
Dursun 2021 1 43 18 99 301%  155[066,364) Ho
Li2022 3 70 2 174 375%  452[241,849] .
Total (95% CI) 166 388 100.0%  3.50(1.71,743] >
Total events: 65

Heterogeneity: Tau® = 0.25; Chi* = 5.42, df =2 (P = 0.07); I* = 63%

001 01 10 100
Test for overall effect: Z = 3.44 (P = 0.0006) Extubation Success Extubation Failure

Test for subgroup differences: Not applicable

FIGURE 2.

Any BPD

Odds ratio Odds ratio
Study or Subgroup  log[OR] SE  Weight IV, Random, 95% CI IV, Random, 95% CI
Ali 2020 0.405465 0.773618 23% 1.50[0.33,6.83] _—
Chawila 2017 139429 0154494 115% 403[2.98,5.46) -
Cheng 2021 027828 0434499 54% 1.32[0.56,3.10] ——
Coughlin 2023 0895671 0340144 7.0% 245[126.477) —
Dryer 2022 0.826096 0.370787 6.4% 228[1.10.472) -
He 2022 1.012587 0.235758 9.4% 275[1.73,437] ——
Hermeto 2009 - 2 0.223144 0.763763 24% 1.25[0.28,559] —,
Hoffman 2022 0732826 0.565614 3.8% 208[0.69,6.31] S S
lyer 2017 1620488 0.848399 20% 5.06 [0.96 , 26.66] ———
Kaczmarek 2013 1615303 0.850039 20% 5.03[0.95, 26.61]  I——
Kidman 2021 1916082 0.347657 6.9% 6.79[3.44,13.43) —
Lee 2002 3876867 1.472609 07% 4827([269,86534] ——
Liu 2023 -0.030305 1607388 06% 0.97[0.04, 22.65] _—
Manley 2016 0886338 0.364289 6.6% 243[1.19,495) —_—
Masry 2021 1.413423 0636069 32% 411[1.18,14.30) [
Park 2023 3683523 1.441861 0.8% 39.79[2.36, 671.50] ey
Rallis 2023 1203973 0.534446 41% 3.33[1.17,9.50] P
Ribeiro 2017 1.231561 0.570066 37% 343[1.12,1047] ——
Shalish 2023 2023188 0.396246 6.0% 756[348 16.44] —_—
Silva 2018 0.863046 0.987772 15% 237[0.34,16.43] PR S——
Spaggiari 2021 0.180537 0.569069 37% 1.20[0.39, 3.65] —f—
Tana 2018 0.76441 0.579611 3.6% 215[0.69, 6.69] [ W—
Teixeira 2020 2192451 0510529 44% 8.96(3.29, 24 36] —
Wang 2016 1.94591 0.805203 22% 7.00[1.44,33.92]
Total (95% CI) 100.0% 3.27[2.54 ,4.21] .
Heterogeneity: Tau* = 0.12; Chi* = 37.13, df = 23 (P = 0.03); I* = 38%
Test for overall effect: Z = 9.19 (P < 0.00001)

001 01 10 100
Test for subgroup differences: Not applicable Extubation Success Extubation Failure

Moderate-Severe BPD

Odds ratio
IV, Random, 85% CI

Odds ratio

Study or Subgroup log[OR] ~ SE  Weight IV, Random, 95% CI

Al-Hathlol 2017 1775031 0333149 233%  5.91[3.07,11.35) ——
Dryer 2022 308164 0651094 9.9% 21.79(6.08,78.08] —
Dursun 2021 1.974081 0.466667 159%  7.20(2.88,17.97) —_
Kaczmarek 2013 1603707 0.737568  8.1%  4.97[1.17,21.10) S
Li2022 067651 0554217 126%  1.97[0.66,5.83] 4

Liu 2023 2958854 1506427  2.2% 19.28[1.01,369.22]  E—————
Park 2023 206205 0519483 13.8%  7.86[2.84,21.76) ——
Rallis 2023 1343735 050884 142%  3.83([1.41,10.39) —

Total (95% CI) 1000%  5.98[3.80,9.42] *
Heterogeneity: Tau® = 0.12; Chi* = 9.83, df = 7 (P = 0.20); 1= 29%

Test for overall effect: Z = 7.73 (P < 0.00001) 061 oh

Test for subgroup differences: Not applicable Extubation Success Extubation Failure

Forest plots of the main outcome and key outcomes of interest following EF (vs no EF).
Abbreviations: BPD, bronchopulmonary dysplasia; IV, inverse variance; M-H, Mantel-Haenszel method; OR, odds ratio; SE, standard error.

Furthermore, EF was correlated with various other
adverse outcomes, including abnormal findings on head
ultrasound (IVH, IVH grades 3-4, composite of IVH grades
3-4 and PVL), occurrence of ROP and ROP grades 3 or
higher, as well as PDA ligation, VAP, and pneumothorax.

Notably, there was no observed association between EF
and tracheostomy; however, it is important to note that only
one study included this outcome in its analysis.

INSURE and EF: Predictors and Outcomes

Thirteen studies investigated predictors and outcomes of
INSURE failure, with detailed data presented in Supple-
mental Table 3 of the Supplementary Material. Significant
predictors identified among the studies included lower
GA at birth, reduced A/a ratio, elevated pre-extubation
pCO2, lower pre-extubation pH, higher presurfactant Fio,,
increased RSS, and severe RDS. Regarding outcomes,
INSURE failure was associated with the following: increase
in mortality rate, mortality and/or moderate-severe BPD,
grade 3-4 IVH, prolonged duration of IMV, extended dura-
tion of oxygen requirement, NEC, PDA and pneumothorax.

8

Subgroup Analys: Studies With Low Risk of Bias

We conducted a subgroup analysis of 61 studies identified
as having a low risk of bias (Supplemental Table 4). The
results were consistent with the primary analysis, linking
EF to immaturity, increased need for delivery room resus-
citation, pre-extubation respiratory acidosis, and higher
levels of respiratory support prior to extubation. In this sub-
group, EF remained significantly associated with the main
outcome of mortality and/or BPD, as well as the individual
components of the main outcome.

Subgroup Analysis: Preterm Less Than 28 Weeks GA or
Less Than 1000 g

We conducted a subgroup analysis in 17 studies focusing
on preterm infants with GA of less than 28 weeks or BW
below 1000g. These findings, summarized in Table 4, were
comparable to the main analysis, with predictors such as
increased immaturity, higher presurfactant Fio,, and lower
pre-extubation pH associated with EF. However, EF was not
linked to weight at extubation, pre-extubation MAP, or pre-
extubation Pco,. In this highly immature sub-population, EF
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TABLE 3. Outcomes of Extubation Failure

Outcomes Number of Studies Number of Patients OR or MD (95% CI) Heterogeneity 12, %
Any IVH 12 1279 OR 1.72 (1.31-2.26) 0
IVH 3—4 17 2814 OR 3.28 (2.48-4.13) 0
IVH 3—4 + PVL 1 65 OR 4.61 (2.33-9.13) —
PVL 4 556 OR 2.43 (0.77-7.67) 27
Any ROP 8 851 OR 2.07 (1.3-3.3) 25
ROP 3 or higher 12 2200 OR 3.3 (2.28-4.77) 28
Ligation of PDA 3 580 OR 4.05 (2.01-8.16) 0
NEC 2-3 16 2293 OR 1.44 (0.91-2.3) 39
VAP 4 285 OR 4.93 (1.1-22.16) 48
Pneumothorax 7 1103 OR 3.71 (1.96-7.0) 0
Any BPD 24 3510 OR 3.27 (2.54—4.21) 38
Moderate-severe BPD 8 1254 OR 5.98 (3.8-9.42) 29
Tracheostomy 1 43 OR 2.49 (0.1-64.62) —
Mortality 18 3560 OR 3.87 (2.35-6.36) 54
Mortality + any BPD 6 1972 OR 4.7 (2.84-7.76) 74
Mortality + moderate-to-severe BPD 3 554 OR 3.5 (1.71-7.13) 63
Cost of hospital stay 1 128 MD 122.86 (33.6-212.1) —
Length of respiratory support 3 331 MD 18.06 (8.55—27.58) 1
Length of hospital stay 16 2896 MD 20.44 (14.1-26.8) 75
Length of invasive mechanical ventilation 17 2882 MD 15.04 (10.42—-19.67) 97
Length of noninvasive respiratory support 3 430 MD 2.5 (—2.83 to 7.84) 64
Duration of oxygen requirement 9 1986 MD 21.26 (8.26-34.27) 93
Abbreviations: BPD, bronchopulmonary dysplasia; IVH, intraventricular hemorrhage; MD, mean difference; NEC, necrotizing enterocolitis; OR, odds ratio; PDA, patent ductus arteriosus; ROP,
retinopathy of prematurity; PVL, periventricular leukomalacia; VAP, ventilator-associated pneumonia.

TABLE 4. Subgroup Analysis of Studies Including Only Preterm Neonates <28 Weeks GA at Birth and/or BW <1000 g

Number of Studies Number of Patients

0dds Ratio or Mean Difference [95% Cl] Heterogeneity 12, %

Predictor

BW 11 2266 MD —70.39 [—100.1 to —40.6] 69
GA at birth 11 2266 MD —0.7 [—0.84 to —0.56] 59
5-minute Apgar 8 1841 MD —0.29 [—1 to 0.41] 91
Presurfactant Fio, 1 108 MD 0.08 [0.04-0.12] —
PMA at extubation 6 1688 MD —0.55 [—0.87 to —0.23] 56
Weight at extubation 4 523 MD 70.34 [—84.5 to 225.2] 91
Pre-extubation Fioy 8 2006 MD 0.03 [0.00-0.05] 95
Pre-extubation MAP 5 754 MD 0.21 [—0.28 to 0.70] 82
Pre-extubation Pco, 9 2095 MD 2.98 [—0.01 to 5.98] 88
Pre-extubation pH 8 2050 MD —0.03 [—0.06 to —0.01] 88
Outcome

Mortality + any BPD 3 1208 OR 3.28 [1.66-6.49] 70
BPD 9 1774 OR 3.26 [2.2-4.83] 49
Mortality 5 1492 OR 1.97 [0.6-6.52] 7

Abbreviations: BPD, bronchopulmonary dysplasia; BW, birth weight; GA, gestational age; Fio,, fraction of inspired oxygen; MAP, mean airway pressure; PMA, postmenstrual age.

was associated with combined outcome of mortality and/or
BPD as well as BPD, but not with mortality alone.

Subgroup Analysis: Studies From 2010 Onwards

We also analyzed separately 94 studies published from
2010 onwards, and the results are summarized in
Supplemental Table 5. The findings were consistent with

PEDIATRICS Volume 155, Issue 2, February 2025

the overall previous results, showing that EF was associated
with more immature infants, lower 5-minute Apgar scores,
and higher levels of pre-extubation respiratory support
(including Fio,, MAP, Pco,, and lower pH). In this subgroup,
EF continued to be associated with mortality and/or BPD, as
well as BPD (both overall and moderate-to-severe forms)
and mortality.
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DISCUSSION

This systematic review and meta-analysis aimed to consoli-
date current evidence on the predictors and outcomes of EF
in preterm newborns, toward providing clinicians with a
comprehensive summary of the available evidence as well
as highlighting areas in need of further research. Results of
our review and analyses revealed that more immature
infants, characterized by lower GA, BW, and postmenstrual
age, were at heightened risk for EF. Pre-extubation blood
gas parameters and ventilatory settings representative of
higher level of respiratory support requirements prior to
extubation were also associated with EF. Newer tools such
as ML and LUS hold promise as tools for predicting EF, each
offering distinct advantages. Finally, EF was consistently
linked with adverse outcomes, including increased odds
of mortality and/or BPD, as well as prolonged requirements
for respiratory support and hospitalization.

The association between younger gestational and
chronological ages with EF may indicate relative pulmonary
immaturity, as these lungs may have yet underdeveloped
gas-exchange units. This finding may also be indicative of
a lower ability to maintain functional residual capacity,
due to lack of strength of the chest wall and inability to gen-
erate and maintain intrinsic PEEP. Similarly, the association
of surrogates of higher ventilation requirement and EF is
likely indicative of the relatively lower level of the work
of breathing being generated by the infant, which may be
potentially unsustainable following extubation. Never-
theless, clinical characteristics, pre-extubation ventilatory
and blood gas parameters may suggest an increase chance
of EF, although should not be the sole guide for this
decision-making. In isolation, no single parameter is likely
to predict EF. However, identification of EF predictors may
help guide clinicians into anticipating the high-risk extuba-
tions, while optimizing peri-extubation strategies, poten-
tially mitigating risks associated with EF and prolonged
mechanical ventilation.

While advanced ML models have demonstrated moder-
ate to high accuracy in predicting EF based on a range of
clinical and ventilatory parameters, variability in external
validation suggests ongoing refinement is necessary.
Beyond that, advanced monitoring utilized in some models
(such as AUREA and HRCi) are costly and not universally
available at bedside in NICUs. In contrast, LUS, being widely
available with a relatively simple technique, has shown
promising accuracy in predicting EF, surpassing the use
of individual clinical parameters alone. While methods
and scoring systems utilized for LUS were highly variable,
they generally had high sensitivity and specificity. Larger
studies with more unified criteria for scoring systems as
predictors of EF may help enhance uptake of this tool at
the bedside.

Failure of extubation was associated with adverse
outcomes, as described throughout the results. While the
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procedure of reintubation is known to carry inherent risks
including hemodynamic perturbations and altered intracra-
nial pressure and blood flow, the associations noted in our
review may in part be related to the consequent longer
duration of intubation and mechanical ventilation following
EF. In addition, EF may simply be a marker of a more imma-
ture and/or sicker neonate as well as more severe lung
disease, all of which may be important confounders.
Unfortunately, as elaborated upon further below in limita-
tions, our review constituted pooled odds ratios from unad-
justed analyses and we are thus unable to fully account for
these potential confounding variables. However, irrespec-
tive of these issues, a clinician may note that an EF may por-
tend worse clinical outcomes in a preterm neonate.

To our knowledge, ours is the first systematic review that
comprehensively evaluate predictors and outcomes of EF.
Shalish et al performed a systematic review specifically tar-
geting pre-extubation bedside tests, such as spontaneous
breathing trials and highlighted their variable nature and
limitations toward clinical practice implementation.'?
Ferguson et al evaluated postextubation strategies to im-
prove ES,'® while recent/upcoming Cochrane reviews
examine the impact of various postextubation noninvasive
respiratory support strategies.!*1367138 AJ] of these realms
were outside the scope of this current review, especially
considering the knowledge that these topics have already
been covered.

There are recent reviews on ML and LUS with respect to
EF. In comparison to existing literature, our study’s findings
on ML predictors of EF align with a recent narrative review
by Jenkinson et al.'** We observed comparable high vari-
ability in the AUC among ML models, reflecting inconsistent
predictive performance. Notably, a higher proportion of
studies in our review included an external validation
cohort, though those in general demonstrated lower accu-
racy compared with the internal validation. As highlighted
by Jenkinson et al., the methodologies and variables incor-
porated across these studies vary widely, reinforcing the
current limitations in establishing an ML model superior
to clinical predictors or expert opinion in predicting EF.
Regarding LUS, our findings are in line with a recent system-
atic review by Mohsen et al**, whose population compre-
hended newborns born both term and preterm. Similar to
their observations, we found that LUS demonstrates good
sensitivity and accuracy in predicting EF.

Strengths and Limitations

Our review has several strengths. We conducted a compre-
hensive literature review that encompassed a diverse array
of predictors associated with EF. Our analysis included a
subgroup specifically focusing on infants born at less than
28 weeks’ GA and/or BW less than 1000g, providing valu-
able insights into this particularly vulnerable population.
However, certain limitations should be acknowledged.
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The studies included in our review exhibited considerable
heterogeneity, particularly in methodologies and defini-
tions and durations of EF (latter ranging from 24 hours fol-
lowing extubation up to 7 days). Such heterogeneity
precluded a meta-analysis for studies involving ML and
LUS, which can limit the clinical impact of our analysis.
Additionally, there are inherent risks of bias associated with
observational study designs, including referral bias as
patients are only assessed when a clinical deems them
ready for extubation. In addition, all our pooled analyses
data come from unadjusted data from these original studies,
potentially not accounting for confounders and precluding
firm causal associations.

CONCLUSIONS AND FUTURE DIRECTIONS

In conclusion, EF in preterm infants is influenced by a com-
plex array of predictors. While no single clinical character-
istic, blood gas parameter, or ventilator setting can reliably
predict outcomes, knowledge of potential predictors can
alert clinicians to the possibility of EF. In addition, our
study provides key clinical variables that should be incor-
porated into future models to enhance accuracy and clini-
cal utility in neonatal intensive care. Future research
should focus on validating predictive models using LUS
and/or ML associated with clinical predictors to prevent
EF. Finally, EF was found to be associated with increased
mortality and/or BPD, although whether it indicates
severe lung disease or is an independent risk factor
remains unclear.

ABBREVIATIONS

AUC: area under the curve

BPD: bronchopulmonary dysplasia

EF: extubation failure

Fio,: fraction of inspired oxygen

GA: gestational age

IMV: invasive mechanical ventilation
INSURE: Intubation-Surfactant-Extubation
IVH: intraventricular hemorrhage

LUS: lung ultrasound

MAP: mean airway pressure

ML: machine learning

NAVA: neurally adjusted ventilatory assist
NEC: Necrotizing Enterocolitis

Pco,: partial pressure of carbon dioxide
PDA: patent ductus arteriosus

PEEP: positive end-expiratory pressure
PIP: peak inspiratory pressure

PVL: periventricular leukomalacia

RDS: respiratory distress syndrome
ROP: retinopathy of prematurity

RSS: respiratory severity score

Ti: inspiratory time

VAP: ventilator-associated pneumonia
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