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ABSTRACT

Background: Children are at risk of extubation failure after congenital heart disease surgery. Such cases should be
identified to avoid possible adverse consequences of failed extubation. This study aimed to identify ultrasound
predictors of successful extubation in children who underwent cardiac surgery. Methods: Children aged 3 months
to 6 years who underwent cardiac surgery (if they were intubated for >6 h and underwent a spontaneous breath-
ing trial) were included in this study. Results: We included 83 children who underwent surgery for congenital
heart disease. Transthoracic echocardiography and lung ultrasound were performed immediately before sponta-
neous breathing trials. Upon spontaneous breathing trial completion, respiratory parameters, including arterial
blood gas analysis and frequency-to-tidal volume ratio, were similarly recorded. For outcome assessment, all chil-
dren were followed up for 48 h after extubation. We successfully extubated 57 children (68.7%). These children
were significantly older and weighed more but had shorter aortic cross-clamp and cardiopulmonary bypass times.
Children who could not be weaned or extubated had prolonged total mechanical ventilation and pediatric inten-
sive care unit stay. In the multivariate regression analysis, a lung ultrasound score ≥12 and ejection fraction ≥40%
immediately before spontaneous breathing trials were the only independent predictors of successful extubation.
When combined, the lung ultrasound score and an ejection fraction ≥40% showed a better diagnostic perfor-
mance than every other isolated variable (lung ultrasound, N-terminal-pro-B-type natriuretic peptide, and fre-
quency-to-tidal volume ratio). Conclusions: The combination of lung ultrasound and transthoracic
echocardiography immediately before the spontaneous breathing trial effectively predicts extubation outcomes
in children after cardiac surgery.
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1 Introduction

Despite advances in the approach for immediate extubation after congenital heart surgery (CHS) [1], a
significant number of children who undergo surgery for congenital heart disease (CHD) still require
mechanical ventilation (MV). Unfortunately, extubation failure occurs in 10%–19% of these patients [2].
Failed extubation may lead to severe cardiorespiratory decompensation and is associated with prolonged
MV, prolonged lengths of intensive care and hospital stays, with higher hospital costs and mortality rates
[3,4]. Spontaneous breathing trials (SBTs) predict extubation success in pediatric patients following CHS;
however, approximately 17% of the patients who are extubated after passing an SBT require reintubation
[5]. Hence, to avoid adverse consequences, children at risk of weaning and extubation failure should be
identified.

In children who have undergone CHS, the most common extubation failure etiologies are cardiac
dysfunction, unresolved lung disease, airway edema, and decreased respiratory drive [2,6]. However,
traditional weaning indices, such as respiratory frequency, maximal inspiratory pressure, and frequency-
to-tidal volume ratio (f/VT), are poor predictors of extubation failure in children who have passed an
SBT [7]. Their limitations may be related to an emphasis on respiratory failure and poor diagnostic value
in heart failure, which equally plays an important role in extubation failure. Therefore, an accurate
extubation outcome prediction tool should be able to assess both respiratory function and cardiac
performance.

Ultrasonography is a useful bedside tool for the evaluation of cardiopulmonary failure in intensive care
units (ICUs) [8,9]. Transthoracic echocardiography (TTE) can measure left ventricular (LV) diastolic and
systolic performance and can be used to identify high-risk patients prior to SBT [10,11]. Following
pediatric cardiac surgery, lung ultrasound (LUS) has high diagnostic accuracy for pulmonary
complications, including pleural effusion, pneumothorax, pulmonary edema, and lung consolidation [12].
Moreover, ultrasound is a reliable tool for the detection of abnormal diaphragmatic motion (ADM)
[13,14]. Thus, comprehensive ultrasound techniques, including LUS and TTE, may help identify both
unresolved lung disease and cardiac and diaphragmatic dysfunctions [8].

Ultrasonography is a fast, non-invasive bedside technique that can predict weaning success and post-
extubation failure in adults [8,15]. However, the systematic use of multiorgan ultrasound in determining
extubation readiness in children undergoing cardiac surgery has not been studied extensively. Therefore,
we conducted a prospective observational study to evaluate the usefulness of combined TTE and LUS in
predicting extubation success in children after CHS.

2 Materials and Methods

2.1 Patients and Study Protocol
This prospective observational study was approved by the Institutional Review Board of the Chinese

Clinical Trial Registry (No. ChiECRCT20200377) and registered with the Fundamental Research Funds
for the Central Universities (No. 3332020018). Written informed consent was obtained from the
guardians/parents of all children that participated in this study. Children who were on MV for >6 h and
eligible for their first SBT after cardiac surgery between January and July 2020 were screened for
inclusion. The inclusion criteria were children aged 3 months to 6 years and those scheduled for primary
complete corrective surgery and cardiopulmonary bypass (CPB) repair under general anesthesia.

Children were eligible for an SBT if they met all criteria [15], and the intervention was approved by the
physician in charge. SBT was performed with a pressure support ventilation of 10 cm H2O for 60 min.
Weaning failure was defined by the failure of SBT. Weaning success was defined as the patient passed
SBT and removed the endotracheal tube. Extubation success was defined as the patient not requiring MV
support (invasive or non-invasive) in the following 48 h [5].
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2.2 Ultrasound Examination
Ultrasound examinations were conducted immediately before SBT with pressure support of a positive

end-expiratory pressure of 5 cm H2O and fraction of inspired oxygen ≤40%. For the LUS, four patterns
corresponding to different degrees of aeration loss were defined as follows: 0) normal aeration, A-lines
and 1 or 2 B-lines; 1) moderate loss of lung aeration, multiple well-defined B-lines; 2) severe loss of lung
aeration, multiple coalescent B-lines; and 3) complete loss of lung aeration resulting in lung consolidation
[16]. The LUS score was calculated as the sum of the 12 regions (between 0 and 36). The diaphragmatic
motion was assessed by either B-mode or M-mode and classified into four patterns [17]. Left ventricular
ejection fraction (LVEF) was assessed using the monoplane Simpson’s method by manually tracing the
LV endocardial border in the apical 4-chamber and 2-chamber views, requiring a clear delineation of the
blood-endocardium interface and excluding the papillary muscles. Two-dimensional fractional area
change (FAC) was used to estimate right ventricular (RV) function quantitatively. Percentage
FAC = 100 × end-diastolic area (area ED)–end-systolic area/area ED. The endocardial border was traced
in the apical four-chamber views from the tricuspid annulus along the free wall to the apex and back to
the annulus. Pulmonary hypertension (PH) and severe PH were defined as systolic pulmonary artery
pressures exceeding 50% and 75% of systemic systolic pressure, respectively [18].

2.3 Data Collection
Demographic variables, including age, sex, CHD type, risk adjustment for CHS-1 (RACHS-1) score,

MV duration before SBT, total MV time, and the ICU stay duration, were recorded. Laboratory data,
including the N-terminal-pro-B-type natriuretic peptide (NT-proBNP) levels, were similarly recorded
immediately before SBT. Clinical variables were monitored by the ICU nurse. Upon SBT completion,
respiratory parameters, including arterial blood gas analysis and f/VT ratio, were recorded.

2.4 Statistical Analysis
Continuous variables were described as mean ± standard deviation or median (interquartile range) and

were compared using Student’s t-test or Mann–Whitney U test, as appropriate. Categorical variables were
expressed as numbers and percentages. Proportion comparisons were performed using the chi-square test.
The discriminatory power of predictors was quantified by measuring the area under the receiver operating
characteristic curve (AUC ROC). Logistic regression analysis was used to construct a prediction model
for the binary outcome of successful extubation.

Additional information on the protocols and methods is presented in Supplemental Digital Content 1.

3 Results

We screened 195 children with CHD, 91 of whom met the inclusion criteria and underwent an SBT trial.
Of the 83 enrolled patients, 57 (68.7%) were successfully extubated (Fig. 1). Table 1 presents the clinical
characteristics. Children who underwent successful extubation were significantly older and weighed more
than those who were not successfully extubated (both p = 0.002); however, they had shorter aortic cross-
clamp and CPB times (p = 0.002 and 0.007, respectively). We found no significant differences in gender,
preoperational LVEF, RACHS-1 score, and MV duration before SBT (p = 0.107, 0.085, 0.976, and
0.535, respectively) between the groups. Children who underwent successful extubation had significantly
lower NT-proBNP levels and heart rates (p = 0.001 and 0.023, respectively) but higher systolic blood
pressures before SBT and lower f/VT ratios after SBT (p = 0.013 and 0.034, respectively). Children who
failed weaning or extubation had prolonged total MV and PICU stay durations (both p < 0.001). The
causes of weaning or extubation failure were cardiac dysfunction (n = 10), lung disease (n = 9), airway
edema (n = 6), and diaphragmatic paralysis (n = 1).

CHD, 2022, vol.17, no.3 233



Figure 1: Study flowchart. MV: mechanical ventilation; SBT: spontaneous breathing trial; NIV: non-
invasive mechanical ventilation

Table 1: Clinical characteristics

Variables Extubation and weaning failure
group (n = 26)

Extubation success group (n = 57) p-value

Age (months),
median (IQR)

6 (4, 8) 12 (6, 19) 0.002

Male, n (%) 19 (73.1) 31 (54.4) 0.107

Weight (kg) 6.6 (6.0, 7.6) 8.5 (6.7, 11.3) 0.002

Preoperational
LVEF (%)

67 ± 7 69 ± 4 0.085

CHD types /

non-cyanotic
(n = 54)

VSD (n = 5), VSD+ASD (n = 3),
VSD + ASD + PDA (n = 1), VSD +
COA + HAA (n = 1), TECD (n = 1),
CAF (n = 1)

VSD (n = 22), VSD+PDA (n = 1),
Multiple VSD (n = 1), DCRV +
VSD (n = 1), AOCA + VSD (n = 1),
PAPVC (n = 2), PECD (n = 2),
TECD (n = 1), APW (n = 1), PS +
ASD (n = 1), COA (n = 1), EA
(n = 1), AS (n = 1), MS (n = 4), MS +
AS (n = 1), Supra-AS (n = 1)

(Continued)
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Table 1 (continued)

Variables Extubation and weaning failure
group (n = 26)

Extubation success group (n = 57) p-value

cyanosis (n = 29) TOF (n = 13), DORV (n = 1) TOF (n = 12), DORV (n = 2),
TAPVC (n = 1)

RACHS-1 0.976

1 0 3 (5.3) /

2 20 (76.9) 37 (64.9) /

3 3 (11.5) 16 (28.1) /

4 3 (11.5) 1 (1.8) /

CPB time (min) 124 ± 38 98 ± 33 0.002

ACCT (min) 86 ± 30 68 ± 27 0.007

Duration of MV
before SBT (h)

22 (17, 25) 21 (10, 24) 0.535

Clinical variables
before SBT

HR (beats per
minute)

142 ± 10 135 ± 13 0.023

Systolic blood
pressure (mmHg)

87 ± 6 91 ± 8 0.013

Diastolic blood
pressure (mmHg)

52 ± 5 53 ± 6 0.623

CVP (mmHg) 6.3 ± 1.9 5.8 ± 1.3 0.208

Laboratory data
before SBT

NT-proBNP
(pg/ml)

6110 (4226, 9510) 4597 (2380, 6624) 0.002

Lactic acid
(mmol/l)

0.9 ± 0.4 1.1 ± 0.8 0.248

Hemoglobin (g/l) 118 ± 13 112 ± 13 0.061

WBC (×109/l) 9.6 ± 3.0 10.0 ± 2.2 0.448

Respiration
parameters after
SBT

PaO2/FiO2 (mmHg) 427.5 ± 42.1 447.6 ± 55.4 0.104

PaCO2 (mmHg) 36.7 ± 4.3 36.0 ± 6.4 0.599

f/VT ratio
(breaths/min/ml/kg)

6.0 ± 1.8 5.1 ± 1.2 0.034

Total MV time (h) 87 (50, 127) 22 (11, 25) 0.000

Days in PICU (d) 7 (5, 10) 3 (2, 4) 0.000
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LVEF: left ventricular ejection fraction, CHD: congenital heart disease, VSD: ventricular septal defect,
ASD: articular septal defect, PDA: patent ductus arteriosus, COA: coarctation of aorta, HAA: aortic arch
hypoplasia, TOF: tetralogy of fallot, DORV: double outlet right ventricle, TECD/PECD: complete/partial
type endocardial cushion defect, CAF: coronary artery fistula, DCRV: double chambered right ventricle,
AOCA: anomalous origin of coronary artery, TAPVC/PAPVC: total/partial anomalous pulmonary venous
connection, EA: Ebstein’s anomaly, AS: aortic stenosis, MS: mitral stenosis, APW: aortopulmonary
window, PS: pulmonary artery stenosis, RACHS-1: risk adjustment for congenital heart surgery 1, CPB:
cardiopulmonary bypass, ACCT: aortic cross-clamp time, MV: mechanical ventilation, SBT: spontaneous
breathing trial, FiO2: fraction of inspired oxygen, RR: respiratory rate, RSBI: rapid shallow breathing
index, NT-proBNP: N-terminal-pro-B-type natriuretic peptide, PaO2: arterial oxygen tension, PaCO2:
arterial carbon dioxide tension, WBC: white blood cell count, IQR: interquartile range, f/VT: frequency-
to-tidal volume.

Table 2 shows the ultrasound data for these children. We found a significant difference in the LUS scores
between the groups (p < 0.001). The number of children with PH and ADM was higher in the weaning or
extubation failure group than the extubation success group (p = 0.004 and 0.006, respectively). There were
no statistically significant differences in the LVEF and RV FAC between the groups (p = 0.143 and 0.087,
respectively); however, the number of children who had an LVEF ≥ 40% or RV FAC ≥ 35% were
significantly higher in the extubation success group than in the weaning or extubation failure group
(p = 0.005 and 0.031, respectively). There were no significant differences in the number of children with
residual ventricular septal defects between the groups (p = 0.098).

Table 2: Ultrasound data

Variables Extubation and weaning
failure group (n = 26)

Extubation success
group (n = 57)

p-value

LUS score before SBT 12 ± 3 9 ± 3 0.000

Abnormal DM 9 (34.6) 5 (8.8) 0.006

Paretic 6 (23.1) 4 (0.7)

Akinetic 3 (11.5) 1 (0.2)

Paradoxical 0 0

LVEF (%) 53 ± 12 57 ± 8 0.143

LVEF ≥ 40% (n, %) 19 (73.1) 54 (94.7) 0.005

RV FAC (%) 38 ± 9 41 ± 7 0.087

RV FAC ≥ 35% (n, %) 17 (65.4) 49 (86.0) 0.031

PH, n (%) 10 (38.5) 7 (12.3) 0.004

Mild to moderate 3 (11.5) 7 (12.3)

Severe 7 (26.9) 0

Residual VSD shunt 7 (26.9) 7 (12.3) 0.098

<3 mm 5 (19.2) 5 (8.8)

≥3 mm 2 (7.7) 2 (3.5)
Note: LUS: lung ultrasound score, SBT: spontaneous breathing trial, DM: diaphragm movement, LVEF: left ventricular ejection fraction, RV FAC:
right ventricular fractional area change, PH: pulmonary arterial hypertension, VSD: ventricular septal defect.
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Supplemental Digital Content 2 (Table S1) shows the AUC ROC for the extubation success predictors,
as well as the best cut-off points based on the combination of higher sensitivity and specificity for each one.

Supplemental Digital Content 3 (Table S2) summarizes the univariate and multivariate logistic
regression analysis results. In the multivariate regression analysis, LUS scores ≤ 12 and EF ≥ 40% before
SBT were the only independent extubation success predictors. When these parameters were combined,
they yielded an AUC of 0.838 (0.560–0.771) with a sensitivity and specificity of 94.74% and 73.08%,
respectively (p < 0.000), which showed better diagnostic performance than every other isolated variable
(vs. LUS, NT-proBNP, and f/VT ratio; p = 0.0426, 0.0495, and 0.0240, respectively; Fig. 2).

The quadratic weighted kappa for concordance between the ultrasound operators was 0.816 (standard
error = 0.058), whereas the observed and expected random concordance were 83.33% and 9.67%,
respectively.

4 Discussion

We investigated the usefulness of multiorgan ultrasound examinations for predicting extubation
outcomes in pediatric patients after CHS. Our findings suggest that combined TTE and LUS effectively
predict extubation outcomes in pediatric patients. The independent extubation success predictors were an
LVEF ≥ 40% and an LUS score ≥ 12.

In our study, 31% (26/83) of the children failed their initial SBT or extubation, a higher rate than in
previous studies [2,4]. In this study, we excluded low-risk patients with early extubation. Besides, fewer
children with CHD visited the hospital during the COVID-19 outbreak, with a higher proportion of
patients than usual with severe illness. The most common etiologies of weaning or extubation failure
were cardiac dysfunction and lung disease in our study. Postoperative pulmonary complications are
common after heart surgery and may result in extubation failure, causing high morbidity and increased
costs, especially in neonates and children [19]. CPB can induce a systemic inflammatory response and

Figure 2: Predictive values. Ability of LVEF ≥40% combined with LUS, isolated LUS, and NT-proBNP
immediately before SBT to predict extubation success. LVEF: left ventricular ejection fraction, LUS: lung
ultrasound score, NT-proBNP: N-terminal-pro-B-type natriuretic peptide, SBT: spontaneous breathing
trial, ROC: receiver operating characteristic
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lead to pulmonary edema [20]. Additionally, ventilation cessation during CPB results in alveolar collapse and
atelectasis [20]. LUS is a reliable tool in ICUs during the weaning process since it can measure the reduction
in pulmonary aeration resulting from either pulmonary edema or derecruitment [8]. In a recent study,
Cantinotti et al. demonstrated the prognostic value of LUS score as an independent predictor of ICU
length of stay and extubation time after pediatric cardiac surgery, supporting its routine use in
this setting [21].

This finding is consistent with the findings of Rahman et al. [15,22]. However, these authors reported
specificities and AUCs for predicting successful extubation that were higher than those observed in our
study. We attribute this to the study population. Contrary to the subjects included in the studies by
Rahman et al. [15,22], who were unselected pediatric and adult ICU patients, respectively, we included
infants and children with CHD who may have had higher extubation failure rates due to heart failure.
This may similarly explain the poor respiratory parameter performance (arterial oxygen tension/fraction of
inspired oxygen and f/VT) in predicting extubation success in our study, which was consistent with the
results of previous research [7]. Therefore, extubation success prediction using LUS scores has a high
sensitivity but low specificity. Consequently, a single parameter is inadequate for accurate extubation
outcome prediction.

Echocardiography is essential in congenital cardiology because of its clear cardiac anatomy definition
and cardiac chamber’s size and function measurement [23]. Moreover, TTE has been proven useful in
identifying heart failure during SBT in adults [8,24,25]. Of the 10 patients who failed to extubate due to
cardiac dysfunction, seven had an LVEF < 40%. In the case of volume overload and LV systolic
insufficiency, SBT may induce cardiogenic pulmonary edema, leading to failed extubation. Here, an
LVEF ≥ 40% immediately before SBT was an independent predictor of extubation success. Notably, the
Simpson method was used to measure the LV systolic function in our study, which has been validated in
children of various sizes [26]. However, for children with abnormally shaped left ventricles, the modified
Simpson algorithm, which uses a combination of short-axis and long-axis views, may be considered [27].
A combined TTE and LUS approach may offer a more comprehensive understanding of the patient’s
status at a lower cost and shorter duration since it allows integrated evaluation of both the heart and lungs
in a single examination [9,28]. A recent retrospective study with a large sample size also showed that
LUS performed as a completion of routine echocardiography with minimal cost and significantly reduced
the amount of chest radiographic examinations [29].

After CHD surgery, perioperative NT-proBNP and BNP levels in children serve as sensitive predictors
of prolonged MV and ICU stay duration [30,31]. In our study, the NT-proBNP levels immediately before
SBT were not good predictors of extubation success. Considering that we exclusively enrolled pediatric
patients who underwent their first SBT within the first 10–48 h postoperatively, the NT-proBNP test
timing, which was affected by the CPB time, differed, and the NT-proBNP levels changed with time
postoperatively.

Ultrasound is a highly sensitive tool for diagnosing ADM [17], a common complication in pediatric
cardiac surgery associated with prolonged mechanical ventilatory support. In our patients, the lack of
statistical significance for ADM as a predictor of extubation outcome in the multivariate analysis could be
due to the underrepresentation of extreme cases in our cohort. In most cases, the diaphragmatic motion
was recovered [32]. Similarly, although PH and a residual ventricular septal defect have been associated
with higher mortality post-cardiac surgery, neither of these findings have been upheld consistently, nor
were these factors independent predictors of extubation outcome in our cohort.

Here, the finding of prolonged MVand ICU stay durations in patients who failed weaning or extubation
was consistent with previously published results [4]. Studies have assessed LUS usefulness in extubation
readiness estimation in children [21,33]. However, none have reviewed the systematic use of multiorgan

238 CHD, 2022, vol.17, no.3



ultrasound in children undergoing cardiac surgery. Comprehensive ultrasound allows for the detection of
cardiac dysfunction and lung disease, which were the most common reasons for extubation or weaning
failure in our study. Therefore, since combined ultrasound does not only help intensivists in identifying
high-risk children but also in recognizing the main causes of weaning or extubation failure, it should be
considered when extubating pediatric patients from MV after cardiac surgery to improve the likelihood of
successful extubation.

The limitations of our study are as follows: (a) This was a single-center study with a relatively small
number of patients and no validation cohort. (b) LV diastolic performance was not evaluated since the
study population included children with CHD, some having mitral regurgitation or stenosis, as these
indices have not been validated for diastolic function measurement in these cases. (c) We did not use the
diaphragmatic thickening fraction, an extubation outcome predictor, to diagnose ADM. As the diaphragm
is extremely thin in children, small measurement errors may result in thickening fraction overestimation
or underestimation. Therefore, we used a combined ultrasound technique for both the B- and M-modes,
as reported by Gil-Juanmiquel et al. [17], as a reliable ADM diagnosis method. (d) Patients extubated in
the operating room were excluded. A recent study proved that perioperative LUS-guided recruitment
maneuvers were practical and beneficial in pediatric patients undergoing cardiac surgery [34]. Therefore,
we believe that LUS would play a more important role in these immediate extubation cases. (e) We
excluded children undergoing palliative surgery. Because pulmonary artery blood flow in these children is
excessive, infrequent, or unevenly distributed, pulmonary conditions may not be consistent with
pulmonary ultrasound scores. Nevertheless, further study is warranted to determine whether combined
ultrasound technology used in the extubation readiness assessment could lead to a reduction in MV duration.

5 Conclusion

In summary, combined LUS and TTE immediately before SBT can effectively predict extubation
outcomes in children post-cardiac surgery. This new approach provides additional information for
pediatric cardiac extubation postoperatively. Further randomized and blinded, large-scale studies are
needed to validate whether this method improves the extubation success rate.
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Supplemental Digital Content 1

Materials and Methods

This prospective observational study, which followed the STrengthening the Reporting of OBservational
studies in Epidemiology guidelines, was approved by the Institutional Review Board of the Chinese Clinical
Trial Registry (No. ChiECRCT20200377) and registered with the Fundamental Research Funds for the
Central Universities (No. 3332020018). It was conducted in a 40-bed pediatric ICU at a tertiary care
hospital, China’s National Center for Cardiovascular Diseases.

Study Population

Children on mechanical ventilation (MV) for >6 h and who were eligible for their first spontaneous
breathing trial (SBT) after cardiac surgery between January and July 2020 were screened for inclusion.
The inclusion criteria were: 1) an age of 3 months to 6 years; and 2) primary congenital heart disease
repair and cardiopulmonary bypass (CPB) under general anesthesia. The exclusion criteria were: 1)
presence of preoperative pneumonia, pneumothorax, pleural effusion, or tracheobronchial stenosis; 2) MV
before surgery; 3) left ventricular ejection fraction <40% before surgery; 4) previous spontaneous
breathing trial (SBT) failure; 5) palliative or staging cardiac surgery; 6) delayed sternal closure; 7)
extracorporeal membrane oxygenation support before or after surgery; and 8) planned prophylactic non-
invasive MV.

Study Protocol

All children were transferred from the operating room to the pediatric intensive care unit (PICU) after
cardiac surgery. In the PICU, the children received synchronized intermittent mandatory ventilation with a
tidal volume of 10–20 mL/kg bodyweight and positive end-expiratory pressure (PEEP) of 4–8 cmH2O.
Children were considered eligible for an SBT if they met all the criteria (1) and if the intervention was
approved by the physician in charge. The SBT criteria were as follows: fully awake with a stable
condition; adequate gas exchange as indicated by oxygen saturation >90%, fraction of inspired oxygen
(FiO2) ≤50%, PEEP ≤5 cmH2O, and peak inspiratory pressure ≤20 cmH2O; adequate respiratory drive
and appropriate level of consciousness with intact cough and gag reflexes; hemodynamic stability
(dopamine or epinephrine doses <10 µg/kg/min and <0.1 µg/kg/min, respectively); pH >7.30 on arterial
blood gas analysis; absence of bleeding; and absence of electrolyte disturbances. When a patient met all
the criteria and was enrolled in the study, the ultrasound was performed.

After the measurements were performed, the child underwent an SBT. SBT was performed using
continuous positive airway pressure with a PEEP of 5 cmH2O, pressure support of 10 cmH2O, and FiO2

≤40%. The SBT duration was 60 min. For children who showed poor SBT tolerance, full ventilatory
support was immediately recommenced. SBT failure was defined when a patient presented with any of
the following criteria: increased respiratory work (i.e., accessory respiratory muscle use, retractions, and
paradoxical breathing), tachypnea, tachycardia, hypotension, diaphoresis, oxygen saturation <90%,
arterial carbon dioxide tension >55 mmHg or an increase of >10 mmHg, or pH <7.30 on arterial blood
gas analysis [1]. Children who successfully passed the SBT were extubated and received supplemental
oxygen via a facemask. Extubation success was defined as no need for MV support (invasive or non-
invasive) in the following 48 h [1].

Lung Ultrasound

Experienced operators (C.L. and L.Z.Z.) performed the ultrasonography immediately before SBT using
a CX-50 (Philips, Amsterdam, Netherlands) or Vivid-i (GE Healthcare, Chicago, IL, USA) device with a
wideband 9–12 MHz linear transducer and phased array probe. Comprehensive thoracic ultrasound
comprised lung ultrasound (LUS) and diaphragm ultrasound assessment.
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For the LUS, all intercostal spaces of the upper and lower parts of the anterior, lateral, and posterior
regions of the left and right chest (12 regions) were examined [2]. Each region of interest was identified
using anatomical landmarks: from the sternum to the anterior axillary line for anterior lung regions, from
the anterior to the posterior axillary lines for lateral lung regions, and from the posterior axillary line to
the spine for posterior lung regions. The upper and lower parts of the anterior, lateral, and posterior lung
regions were determined using the horizontal mamillary line. Four ultrasound patterns that corresponded
to the different degree of aeration loss were identified in each intercostal space: 1) normal aeration,
characterized by the presence of lung sliding with horizontal A-lines and, occasionally, 1 or 2 isolated
vertical B-lines; 2) moderate loss of lung aeration, characterized either by multiple well-defined, regularly
spaced “B-lines” that were 7-mm apart arising at the pleural line and corresponding with interstitial
edema; 3) severe loss of lung aeration, characterized by multiple coalescent vertical B-lines beginning at
the pleural line and corresponding with alveolar edema; and 4) complete loss of lung aeration resulting in
lung consolidation, characterized by the presence of a tissue pattern that contained either hyperechoic
punctiform or tubular images that were representative of static and dynamic air bronchograms,
respectively. The worst ultrasound pattern observed in 1 or several intercostal spaces was considered the
region of interest. A value (0, 1, 2, or 3) was attributed to each region examined, and the LUS score was
calculated as the sum of the 12 regions. The sum of these gave an LUS score between 0 and 36.

The diaphragmatic motion was assessed either by B-mode or M-mode [3]. In B-mode, the probe was
positioned on the posterior axillary line on one side with the transducer notch pointing at 12 o’clock
toward the axilla. In M-mode, the probe was placed in the subcostal region parallel to the intercostal
space using the M-mode with the cursor crossing the diaphragm. Then, the highest and lowest peak
points were assessed as markers for the range of diaphragmatic movement. Diaphragmatic motion was
classified as follows: 1) “normal,” if the diaphragm moved toward the transducer during inspiration with
>4 mm excursion and there was a <50% difference between the movement of the two hemidiaphragms;
2) “paretic,” if the amplitude was <4 mm and the difference between the two hemidiaphragms was >50%;
3) “akinetic,” if there was no movement and a straight line was observed in M-mode; and 4)
“paradoxical,” when the diaphragm moved away from the transducer during inspiration (3).

Echocardiography

The transthoracic echocardiographic examination was performed at the same time as thoracic
ultrasound, immediately before SBT, by the same operator. Left ventricular ejection fraction was assessed
using the monoplane Simpson method [4]. Two-dimensional fractional area change (FAC) was used to
quantitatively estimate right ventricular (RV) function, with a lower reference value of 35% for normal
RV systolic function. Percentage FAC = 100 × end-diastolic area (area ED)–end-systolic area/area ED.
The endocardial border was traced in the apical four-chamber views from the tricuspid annulus along the
free wall to the apex, then back to the annulus, and along the interventricular septum at end-diastole and
end-systole [5].

Doppler echocardiography was used to determine the systolic pulmonary artery pressure (SPAP). SPAP
was calculated as the sum of the estimated right atrial pressure and the peak pressure gradient between the
peak right ventricle and right atrium, as estimated by application of the modified Bernoulli equation to the
peak velocity, as represented by the tricuspid regurgitation Doppler signal [5]. Pulmonary hypertension (PH)
and severe PH were defined as pulmonary artery systolic pressures that exceeded 50% and 75% of systemic
systolic pressures, respectively [6].

Statistics

Continuous variables were described as means ± standard deviation (SD) or medians (interquartile
range) and were compared using Student’s t-test or Mann–Whitney U test, as appropriate. Categorical
variables were expressed as numbers and percentages. Proportion comparisons were performed using the
chi-square test. The discriminatory power of predictors was quantified by measuring the area under the
receiver-operating characteristic curve (AUC ROC). The results are expressed as the AUC and 95%
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confidence interval (CI) for this area. Logistic regression analysis was used to construct a prediction model
for the binary outcome of successful extubation. Odds ratios were given with 95% CIs. Concordance
between different ultrasound operators was calculated using quadratic weighted kappa. A p-value <
0.05 was considered statistically significant.
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Table S1: Area under the receiver operator characteristics curve for predictors of extubation success

Variables AUC Cut-off Youden index Sensitivity Specificity p-value

NT-proBNP 0.672 ≤3329 0.3266 40.35 92.31 0.006

PaO2/FiO2 0.597 >463.8 0.2321 38.60 84.62 0.129

f/VT ratio 0.643 ≤5 0.2402 70.18 53.85 0.030

LUS score 0.765 ≤12 0.4649 96.49 50.00 0.000
Note: AUC: area under curve, NT-proBNP: N-terminal-pro-B-type natriuretic peptide, PaO2: arterial oxygen tension, FiO2: fraction of inspired oxygen,
f/VT: frequency-to-tidal volume LUS: lung ultrasound.

Table S2: Univariate and multivariate analyses of ultrasonic extubation success predictors

Variables OR (95% CI) p-value OR (95% CI) p-value

LUS ≤ 12 3.427 [1.196–9.814] 0.022 5.087 [1.542–16.781] 0.008

LVEF ≥ 540% 9.833 [2.255–42.882] 0.002 14.707 [2.991–72.309] 0.001

RV FAC ≥ 35% 5.062 [1.620–15.820] 0.005

PH 0.276 [0.089–0.854] 0.025

Abnormal DM 0.255 [0.077–0.846] 0.026
Note: OR: odds ratio, CI: confidence interval, LUS: lung ultrasound, LVEF: left ventricular ejection fraction, RV FAC: right ventricular fractional area
change, PH: pulmonary arterial, DM: diaphragm movement.
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