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Abstract

Background Respiratory distress is the main reason for the admission of infants to the neonatal intensive care unit
(NICU). Rapid identification of the causes of respiratory distress and selection of appropriate and effective treatment
strategies are important to optimise favourable short- and long-term patient outcomes. Lung ultrasound (LUS) tech-
nology has become increasingly important in this field. According to the scientific literature, LUS has high sensitivity
(92-99%) and specificity (95-97%) in diagnosing neonatal respiratory distress syndrome. This diagnostic power helps
guide timely interventions, such as surfactant therapy and mechanical ventilation.

Methods Our objective was to outline consensus guidelines among an international panel of experts on the use
of LUS to support the decision-making process in managing respiratory distress in the NICU. We used a three-round
Delphi process. In each Delphi round, 28 panellists rated their level of agreement with each statement using a four-
point Likert scale.

Results In round 1, the panellists reviewed 30 initially proposed statements. In rounds 2 and 3, the statements were
redeveloped based on the reviewers'comments, leading to the final approval of 18 statements. Among the 18 con-

sensus statements, grade A was assigned a value of 10, grade B was assigned a value of 7, and grade C was assigned
avalue of 1.

Conclusions A panel of experts agreed on 18 statements regarding managing infants with respiratory distress. Using
LUS may help design future interventional studies and improve the benchmarking of respiratory care outcomes.
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Background

Respiratory distress is the main reason that infants are
admitted to the neonatal intensive care unit (NICU).
Rapid identification of the causes of respiratory distress
and selection of appropriate and effective treatment
strategies are important to optimise favourable short-
and long-term patient outcomes.

Mechanical ventilation (MV) is a cornerstone of ther-
apy in modern NICUs. It has saved the lives of countless
critically ill and premature neonates [1]. However, MV
can lead to severe complications, including barotrauma,
volumetric injury, ventilator-associated pneumonia, air
leak syndrome, hyperventilation, and bronchopulmo-
nary dysplasia (BPD) [2-5]. The current best practice in
NICU care is to utilise noninvasive respiratory support,
rather than MV, whenever possible. Nevertheless, inva-
sive MV remains indispensable for neonates with severe
lung disease [6]. The challenge for NICU clinicians is dis-
tinguishing neonates likely to benefit from noninvasive
ventilation from those requiring MV [7]. Abundant and
emerging evidence suggests that point-of-care lung ultra-
sound (LUS) can aid assessments of neonates receiving
respiratory support by identifying the nature and severity
of common lung diseases [8, 9]. LUS can characterise dif-
ferent causes of infant respiratory distress immediately,
accurately, and dynamically [10]. Moreover, LUS can
diagnose some lung diseases with greater accuracy and
specificity than chest X-ray (CXR), and in some NICUs,
LUS has entirely replaced the routine use of CXR [11, 12].
Point-of-care LUS is widely available, does not require
transfer from the NICU, and does not involve exposure
to ionising radiation [13].

LUS can also be used to dynamically assess the effi-
cacy of MV, helping to guide the escalation or weaning
of inspiratory and expiratory pressures or tidal volumes.
Notably, LUS may improve decisions regarding the opti-
mal time to extubate infants. Despite the best clinical
judgement using currently available clinical parameters
and physical assessment, approximately 30% of intu-
bated preterm infants fail attempted extubation because
of poor respiratory drive, atelectasis, oedema, residual
pulmonary function abnormalities, or intercurrent illness
[14]. LUS can help clinicians prospectively identify some
of these conditions and track their severity in real time to
determine the best time to extubate.

Another potential application of LUS is to select can-
didates for surfactant administration [15, 16]. Exogenous
pulmonary surfactant (PS) is an important and effective
intervention for treating respiratory distress syndrome
(RDS) in premature neonates, as well as other conditions
associated with surfactant insufficiency or inactivation
[17-21]. However, surfactant administration may cause
side effects, including bradycardia, oxygen desaturation,
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and pulmonary haemorrhage. Therefore, objective crite-
ria are needed to identify the optimal candidates for sur-
factant administration, and these criteria are currently
based almost solely on the amount of oxygen inhaled by
neonates [22, 23]. Assessment and scoring by LUS may be
a more sensitive tool, enabling earlier surfactant therapy,
minimising oxygen exposure, and improving oxygenation
after treatment [22].

Overall, LUS allows for more frequent monitoring of
treatment results, informing clinicians about the resolu-
tion or aggravation of pulmonary pathology in real time.
It enables lung function assessment in real time and
provides improved evaluation associated with the daily
clinical management of neonates with respiratory failure
[24-26]. Although growing evidence supports the rou-
tine use of LUS, consensus regarding published guide-
lines or syntheses of evidence-based practice on LUS use
in the NICU is lacking.

This study aims to outline consensus guidelines among
an international panel of experts on the use of LUS to
support the decision-making process in managing severe
respiratory diseases in the NICU, including the use of
MV and the administration of PS.

Methods

A three-step conventional Delphi process [27] was
developed via e-mail [28]. A core group of investiga-
tors assembled and invited an expert panel to provide
additional opinions. The selection criteria for panel-
lists were that they had either authored published arti-
cles with a wealth of experience in this area or were
representative members of the Division of Critical
Ultrasound, Asia—Pacific Health Association Paediat-
ric Medicine Branch, the World Interactive Network
focused on Critical Ultrasound China Branch, China
National Health Association Lung Ultrasound Tech-
nology Extension Expert Group, Beijing Association of
Holistic Integrative Medicine Neonatal Critical Care
Medicine Branch and the Neonatal Lung Ultrasound
Training Centre in Beijing Obstetrics and Gynaecol-
ogy Hospital Affiliated with Capital Medical University.
Each core group member invited other experts using a
‘snowball sampling’ approach. The panel consisted of
neonatologists and radiologists directly involved in the
care and diagnostic imaging of infants in the NICU. It
included members from different countries worldwide
to minimise converging opinions and cross-contami-
nation of ideas. The panellists were selected based on
their publications and active clinical involvement in
neonatal care. A minimum of 5 years of experience in
thoracic ultrasound was mandatory for panellists. The
guiding consensus has been registered on the Practice
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guideline REgistration for transPAREncy (http://guide
lines-registry.cn/) with a registration number of PRE-
PARE-2025CNO11. Based on published methodologies,
we aimed for a panel of approximately 30 participants
[27, 29-34].

The core group proposed a series of pertinent state-
ments supported by relevant references during an e-mail
brainstorming process. The first round included a quali-
tative open-ended questionnaire to generate extensive
data. Panel members were invited to comment on the
statements, expose their concerns, or reformulate the
presented options. In further Delphi rounds, we asked
for qualitative feedback at the end of each section and
general feedback at the end of the questionnaire. In each
Delphi round, panellists were required to rate their level
of agreement with each statement using a four-point Lik-
ert scale [27]. Therefore, the options ‘essential; ‘important
but not essential, ‘somewhat important, and ‘unimpor-
tant/irrelevant’ were offered, whereas a neutral middle
point was excluded, compelling respondents to express
an opinion. The statements’ content that achieved con-
sensus in each round was merged and integrated with
the proposed suggestions [27, 29]. Statements that did
not reach consensus in the previous round were screened
for redundancy or modified according to the feedback
received.

Data collection and management

The list of statements in each Delphi round was compiled
in a Microsoft Forms (© Microsoft 2022) document, and
the link to the document was distributed to the panellists
by e-mail. The panellists returned their opinions using
the same Microsoft platform. Queries involved the fol-
lowing roles of LUS in the NICU:

A. Management of lung diseases, with primary manifes-
tations of lung consolidation on LUS

. Management of lung diseases, with primary manifes-
tations of lung oedema on LUS

. Diagnosing and managing pneumothorax via LUS

. Guiding the adjustment of MV settings

. Managing the initiation and discontinuation of MV

Guiding the administration of PS

joe]
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The data were exported into an Excel spreadsheet for
statistical analysis. Descriptive statistics were used to
summarise the panellists’ responses to each item. The
median and mode are reported; we did not calculate the
mean because Likert survey data are traditionally con-
sidered an ordinal scale. The interquartile range (IQR)
was calculated as an index of the dispersion of responses
[34]. We used the IQR to measure dispersion because
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it captures the spread of the middle 50% of observa-
tions, making it more robust and less sensitive to outli-
ers than the standard deviation. Additionally, the IQR is
more appropriate for ordinal data, such as Likert scales,
where an IQR of 1 or less on a 4- or 5-point scale or two
or fewer on a 10-point scale is generally considered indic-
ative of consensus [34]. For these reasons, the IQR was
chosen over the standard deviation to represent disper-
sion and consensus in our analysis.

We further quantified consensus using a system previ-
ously described in other studies using the Delphi meth-
odology. The percentage of participants scoring>3 on
the Likert scale for each item was calculated and assigned
a grade: ‘U’ denotes unanimous (100%) agreement, ‘A’
denotes 90—-99% agreement, ‘B’ denotes 78—89% agree-
ment, and ‘C’ denotes 67-77% agreement [34—37].

Results

Twenty-eight panellists from 12 countries were included
in this study. The panellists had a mean of 11.4 years
of experience (median: 10; SD: 4.6) in using lung ultra-
sound, a mean of 10.3 years of experience (median: 8; SD:
5.5) specifically in using lung ultrasound in neonates, and
8.6 years (median: 8; SD: 3.7) in applying lung ultrasound
for the management of neonatal respiratory distress.

Round 1 initially proposed 30 statements. After the
panellists’ feedback, the number of statements in round 2
included 23, and round 3 submitted 19 statements to the
panellists, leading to a final approval of 18 statements.
Through the rounds of review, statements were adjusted,
added, deleted, and combined based on comments by the
reviewers about precision, applicability, completeness,
and/or redundancy.

From round 1 to round 3, ‘essential’ responses increased
from 58.7 to 74.5%, whereas ‘essential’ or ‘important but
not essential’ responses increased from 82.9 to 96.5%.
There was no attrition of panellists. The results are shown
in Table 1. Among the 18 consensus statements, grade A
was assigned a value of 10, grade B was assigned a value
of 7, and grade C was assigned a value of 1.

Our panel of experts agreed on various practices for
using LUS to optimise neonatal respiratory distress
management. These practices involve several important
aspects of respiratory care and allow for more evidence-
based LUS assistance in decision-making.

Discussion

LUS to support accurate differential diagnosis

between the causes of neonatal respiratory failure
Clinicians agree that the role of LUS should be fully con-
sidered when determining the cause of neonatal respira-
tory failure and the clinical signs and symptoms.
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Table 1 Statements shared by panellists
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Median Mode

IQR % essential Grade
or
important

A. Management of lung diseases in which the primary LUS manifestation is lung consolidation

1.If the diagnosis is respiratory distress syndrome (RDS) on LUS:

1.1.In the case of mild (grade I) RDS, noninvasive MV can be used firstly

1.2. Invasive MV should be strongly considered in cases of moderate (grade II) to severe (grade Ill) RDS
1.3.The severity degree of RDS can be scored on LUS according to the areas involved

2. If the diagnosis is mild (grade 1) RDS on LUS, the invasive MV should be administered immediately
if the lung condition worsens

3.In RDS treated with invasive MV, monitoring the lung changes by LUS every 2-4 h is necessary

4. If the diagnosis is severe meconium aspiration syndrome (MAS), severe pneumonia, or atelectasis
on LUS, the bronchoalveolar lavage (BAL) using 0.9% NaCl (at the dosage of 1.0-2.0 ml/kg per time)
should be performed before MV. Occasionally, diluted PS may be used for lavage at the same dosage

5. After BAL, the MV is not required if lung consolidation disappears on LUS; noninvasive MV should be
provided if the extensive consolidation significantly decreases, while invasive MV should be provided

if extensive consolidation shows no significant changes on LUS. However, if the diagnosis is pulmonary
haemorrhage, the invasive MV therapy should directly instead of BLA

6. If LUS supports a diagnosis of mild MAS, pneumonia, or atelectasis, MV is generally unnecessary
if the infant is clinically stable with normal spontaneous breath

B. Management of the lung in which the primary LUS manifestation is lung oedema

1. Lung oedema is a common pathological change in neonates with various diseases, includ-

ing intrapulmonary and extrapulmonary diseases (e.g. heart disease, hypoproteinemia). However,
when excluding extrapulmonary diseases, lung diseases with lung oedema as the primary LUS mani-
festation are TTN, especially in infants with dyspnoea shortly after birth

2. Noninvasive MV should be provided firstly if the LUS presents a confluent B-lines or compact B-lines
pattern (white lung) because (according to studies on animal models) a baby would develop into type
Il respiratory failure

3. LUS can be used to estimate lung water content. Noninvasive respiratory support may be needed
if the estimated lung water content is > 10-15 ml/kg, while indication for invasive MV may be needed
with an estimated lung water content > 15-20 ml/kg

4. If the TTN was diagnosed on initial LUS, dynamic LUS observation is necessary until the TTN resolves.
TTN can rarely result in secondary RDS due to the development of surfactant deficiency. In this case,
LUS would be helpful with more timely identification and treatment of these changes

5. Less invasive PS administration (LISA) could be adopted if the diagnosis is grade | RDS on LUS. How-
ever, invasive MV treatment with PS administration should be adopted if the diagnosis was grade II-Ill
RDS on LUS

C. Management of the condition of pneumothorax diagnosed on LUS

1. LUS allows pneumothorax to be identified and its degree determined

2.Whether and how PTX needs to be treated depends on the degree of dyspnoea of the patient
3.Since MV in a patient with an undrained pneumothorax might severely worsen the patient’s condi-
tion, pneumothorax drainage is required before MV is initiated

4.The MV is usually not required if LUS presented as mild pneumothorax

5. Invasive MV should be provided if moderate-severe pneumothorax is identified on LUS

and the infant appears significant clinical distress. However, high-frequency oscillatory ventilation
should be preferred

D. Use of LUS monitoring to guide the adjustment of ventilator parameters

1.The principle of guiding MV parameter adjustments for invasive or noninvasive treatment based
on LUS imaging ensures that the lungs are fully expanded

2. Neonatal lung overexpansion can be detected effectively by LUS

2.1 Overlapping the median borders of the lungs (transternal transverse section) is an easy-to-detect,
specific, and sensitive sign of excessive lung volume

2.2 In addition to overdistension, atelectrauma can be easily detected. The ventilator-induced lung
injury is due to repetitive opening and closing of collapsed alveoli and small airways within atelectatic
areas during MV

E. Use LUS to guide the weaning from MV

1. Weaning from invasive MV can be performed when lung consolidation disappears on LUS in patients
initially presenting with consolidated lungs

0 96.80% A

1 81.20% B

1 84.30% B
15 71.80%

1 84.30% B

0 93.75% A

0 93.75% A

1 78.10% B

1 78.10% B

1 93.75% A

0 93.75% A

0 96.80% A

0 90.60% A

1 87.50% B

1 90.60% A
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Table 1 (continued)

Page 5 of 15

Median Mode IQR % essential Grade
or
important
2. Weaning from invasive MV should be considered when lung oedema shows signs of absorption 4 4 1 93.75% A
when the confluent B-lines or compact B-lines become more sparse B-lines or AIS
3.The endotracheal tube can be removed directly when weaning from the ventilator without lowering
the parameters (i.e. keeping the original ventilator parameters unchanged)
4.The need for noninvasive respiratory support after weaning from an invasive ventilator should be
decided by patient’s gestational age, weight, and overall condition
F. Use LUS to guide exogenous neonatal PS application
1. Exogenous PS should be provided if the RDS is diagnosed by LUS including the mild (grade I) RDS, 4 4 0 96.80% A
and the dosage of PS at 75-100 mg/kg per time is sufficient
2.The BAL is necessary firstly when severe MAS, pneumonia, or atelectasis exists on LUS; the PS 4 4 1 84.30% B

is not required if lung consolidation disappears or the size significantly decreases after BAL Otherwise,

PS could be given to the patient.
3.The PS s also unnecessary if the diagnosis is TTN on LUS

In this respect, the misdiagnosis rate based on tradi-
tional diagnostic criteria is high, and only 40% of clinical
respiratory distress syndrome (RDS) diagnoses were con-
firmed in a necropsy study [38]. Among differential diag-
noses, the consensus focuses on meconium aspiration
syndrome (MAS), pneumonia or atelectasis, transient
tachypnoea of the newborn (TTN), and pneumothorax.
The LUS pattern is characterised by diffuse and coa-
lescing B-lines, pleural line anomalies, subpleural con-
solidations with irregular shapes, and air bronchograms
distributed in different areas of the lungs and is suffi-
ciently specific to distinguish between MAS, pneumonia,
and other causes of neonatal respiratory dyspnoea [39].

RDS and TTN have similar histories and clinical pres-
entations, whereas chest X-ray (CXR) has low sensitivity
and specificity [40]. Moreover, owing to improvements
in standard prenatal and postnatal care, RDS-like CXR
images have also become more uncommon [41].

In contrast, LUS easily detects distinctive signs [41—
49], resulting in extremely high accuracy in RDS diagno-
sis. A systematic review and meta-analysis revealed that
the LUS sensitivity was 99% (95% CI: 96—100%), and the
specificity was 97%, whereas these values were 91% and
84% for CXR, respectively [40, 50].

The diagnostic value of LUS in RDS was confirmed by
Wu et al. in their meta-analysis; they reported a pooled
sensitivity of 0.92 (95% CI, 0.89-0.94), specificity of 0.95
(95% CI, 0.93-0.97), positive likelihood ratio of 20.23
(95% CI, 8.54—47.92), negative likelihood ratio of 0.07
(95% C1, 0.03—0.14), and diagnostic odds ratio of LUS in
the diagnosis of RDS of 455.30 (95% CI, 153.01-1354.79)
[51].

Therefore, LUS may be a viable and superior alterna-
tive to CXR in diagnosing TTN and can help differenti-
ate TTN from other aetiologies of respiratory distress in
neonates [52].

In particular, the LUS score is often used in differen-
tial diagnosis. Using an LUS score resulted in a sensi-
tivity and specificity of 89.0% and 92.5%, respectively,
in the differential diagnosis of neonatal RDS and other
lung diseases, whereas the scores were 0.914 and 0.933,
respectively, in the differential diagnosis of mild versus
moderate RDS and moderate versus severe RDS [53].

Similarly, LUS also has increased sensitivity and speci-
ficity for diagnosing pneumothorax (PTX). A recent
meta-analysis reported a sensitivity and specificity of 98%
and 100%, respectively, for the diagnosis of PTX, whereas
the sensitivity and specificity of CXR were 82% and 96%,
respectively [54].

Using LUS to guide MV therapy in newborn infants

with dyspnoea

As discussed previously and supported by the literature,
LUS is crucial in choosing candidates for mechanical
ventilation and can guide the management of neonatal
MYV [15, 55-57]. In long-term clinical practice, LUS may
support clinicians in formulating an accurate differen-
tial diagnosis as a starting point in the decision process
for MV administration; it also outperforms conventional
radiology in predicting the need for intubation [58] and
allowing the monitoring of lung aeration [13].

In particular, a grade A consensus was reached, which
stated that LUS allows the assignment of a severity score
according to the areas involved that helps define the
opportunity to resort to invasive rather than noninva-
sive MVs. According to Brat et al. [59], each lung can be
divided into three areas: upper anterior, lower anterior,
and lateral. The lung ultrasound pattern is assessed using
a linear microprobe and transverse and longitudinal scans.

A score from 0 to 18 is obtained by assigning each area
a score ranging from 0 to 3 points, where 0 indicates an
A-line pattern, 1 indicates a B-pattern (>3 B-lines), 2
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indicates a coalescent B-line pattern with possible sub-
pleural consolidations, and 3 indicates extended consoli-
dations. A threshold of 8 was recently associated with the
greatest global accuracy (82%; 95% CI) when LUS was
used as a replacement for other tests [60].

Therefore, the panellists proposed that invasive MV
can be considered when LUS has a score > 8, which indi-
cates that at least two areas examined have a type 2 pat-
tern [59]. For lower scores, however, noninvasive MV
should initially be used. Because LUS scores could be
early predictors of treatment response [61], the panellists
claimed that LUS imaging can guide invasive or nonin-
vasive mechanical ventilation adjustments, ensuring that
the lung is fully expanded for the adopted ventilation
parameters.

Given the outstanding advantages of guiding MV appli-
cation under LUS monitoring, according to the expert
consensus in Table 1, we summarise the following guid-
ance opinions. Simply, invasive MV treatment should be
provided if moderate or severe RDS is diagnosed on LUS,
whereas noninvasive MV can initially be provided if the
diagnosis is mild RDS on LUS (Fig. 1). Bronchoalveolar
lavage (BAL) using 0.9% NaCl is proposed before MV
is initiated if LUS suggests a diagnosis of severe meco-
nium aspiration syndrome (MAS), severe pneumonia,
or severe atelectasis; if BAL leads to the complete disap-
pearance of a consolidation, MV is not required (Fig. 2);
in contrast, in the case of a significant but incomplete
reduction, noninvasive MV should be provided (Fig. 3).
Invasive ventilation should be provided if the image of
large consolidations shows no significant changes after

Right 1-2
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BAL. Although MV is generally unnecessary in mild
MAS, pneumonia, or atelectasis cases when the infant is
clinically stable and breathing spontaneously. However,
if severe lung consolidation occurs in a patient with pul-
monary haemorrhage, invasive ventilator therapy with
higher parameters should be used instead of BLA (Fig. 4
and Video 1). Another crucial differential diagnosis that
may lead to improper use of MV is between TTN and
RDS [40-45]. Specifically, lung oedema may depend on
TTN, especially in infants with dyspnoea shortly after
birth. When identification is unclear, clinicians tend to
treat TTN as RDS, leading to an expansion of the admin-
istration of MV. In general, invasive MV is unnecessary if
the diagnosis is TTN on LUS unless disease progression
leads to secondary RDS. Moreover, noninvasive MV can
be given if the patient has severe dyspnoea (Fig. 5). PTX
is also a common lung disease that threatens the safety
of newborns in the NICU. Generally, MV is usually not
required if LUS presents as mild PTX (Fig. 6 and Video
2). Invasive MV should be provided if moderate—severe
PTX is observed via LUS and if the infant appears to be in
significant clinical distress (Fig. 7). However, in this case,
we should choose invasive high-frequency oscillatory
ventilation instead of conventional invasive ventilation.
For lavage methods, we recommend the following
steps: (1) Place the patients in an appropriate position.
(2) Connect electrocardiogram monitoring and trans-
cutaneous oxygen saturation monitor. (3) Connect inva-
sive ventilator and adjust the parameters to the optimal
condition. (4) 0.9% NaCL1.0-2.0 ml/kg was injected into
the endotracheal tube per-times and maintain positive

Fig. 1 MV is needed if the diagnosis is RDS on LUS. A: A female infant with a GA of 28" Weeks, cesarean section with birth weight of 1090g. She
was admitted to NICU at 11 minutes because of breath difficulty immediately after birth. Arterial blood gas analysis showed PaCO, 57.7 mmHg,
Pa0, 41.2 mmHg, SaO, 75.4%. LUS showed typical groundless opacity signs, which suggesting the Grade | RDS. The noninvasive MV can be

given to this infant firstly, then we dynamically observe the lung condition changes using LUS. B: Another infant with gestational age of 34" "Weeks,
cesarean section with birth weight of 2010g. Who was admitted to NICU at 20 minutes after birth due to dyspnea 15 minutes. Arterial blood gas
analysis showed PaCO, 70.6mmHg, PaO, 254 mmHg, Sa0, 43.7%. LUS showed snowflake-like lung consolidation, which was the typical LUS
manifestations of Grade Il or Ill RDS. This infant should accept invasive MV treatment
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Lung consolidation
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Fig. 2 No need MV after BAL. This was a premature infant with a gestational age of 30 weeks and a birth weight of 1430g. Re-invasive MV
was needed because of reemergence of severe dyspnea during hospitalization. LUS showed large area of lung consolidation and atelectasis
in the right lung (A). After several times of BAL, re-examination of LUS showed that the lung consolidation completely disappeared, only a few

B-lines existed (B), and thus the invasive MV could be removed

pressure ventilation for 20-30 min. (5) Perform contin-
uous tapping the lung lesion site for 3—-5 min, and then
the sputum and secretion suction with negative pressure,
and each suction period lasts no more than 10 s. (6) The
reexamination by LUS should be performed immedi-
ately after the lavage and aspiration, and it is determined
whether further lavage needed or not is based on the
lung re-expansion situation. (7) The times of continu-
ous lavage should not exceed 3 times. (8) For critically
ill patients who failed to achieve satisfactory results after
2-3 circles lavage with 0.9% NaCL, lavage with diluted
pulmonary surfactant (PS) can be given, or PS treatment
can be administered after lavage.

LUS can also be used to monitor changes and
responses during MV and treatment for respiratory
failure [62]. Specifically, in RDS patients treated with

invasive MV, lung changes must be monitored by
LUS every 2—4 h. Indeed, LUS is effective in detect-
ing lung overexpansion in neonatal patients. Over-
lapping the median borders of the lungs (transternal
transverse section) is an easy-to-detect, specific,
and sensitive sign of excessive lung volume. LUS, in
addition to overdistension, can easily detect atelec-
trauma, a type of ventilator-induced lung injury
caused by the repetitive opening and closing of col-
lapsed alveoli and small airways within atelectatic
areas during MV.

Using LUS to guide the adjustment of MV settings

and weaning from MV

Maintaining normal oxygenation in infants with mini-
mum ventilator parameters is not appropriate for

AIS  Consolidation

Spleen

Fig. 3 Need noninvasive MV after BAL. LUS (extend view) showed significant atelectasis involving more than 5 intercostal spaces which need
invasive MV treatment to the patient before BAL (A), while only small consolidations involved two intercostal spaces remained after BAL (B).
Therefore, noninvasive MV is required for this infant. Please also refer to video 1
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Fig. 4 Invasive MV should be implemented as quickly as possible for Pulmonary hemorrhage. Examination of the lung showed large area of lung
consolidation with air bronchograms (the highperechoic reflection within consolidation area), fluid bronchograms (the linear hypoechoic reflection
within the consolidation area) and shred signs (the highperechoic reflection on the edge of consolidation area) in both lungs (A: left lung, B:

right lung), which are consistent with ultrasound imaging findings of pulmonary hemorrhage. The invasive MV should be implemented as soon

as possible in this case

administering ventilator applications under LUS moni-
toring, whereas the fundamental principle of guiding the
ventilator parameter adjustments under ultrasound mon-
itoring is to ensure that the lung can fully expand under
the parameter settings (Fig. 8).

LUS-guided recruitment manoeuvres (RMs) in ven-
tilated preterm neonates with respiratory distress
syndrome (RDS) demonstrated superior outcomes com-
pared with non-LUS-guided RMs. LUS guidance resulted
in earlier optimal oxygenation with lower FiO require-
ments and shorter durations of oxygen dependency,
invasive ventilation, and NICU stay. Additionally, LUS-
guided RM significantly reduced lung inflammation, as
evidenced by decreased tracheal IL-6 levels, likely due to
minimised atelectrauma and optimised lung recruitment
parameters [63].

LUS also supports the decision-making process when
weaning from MYV, which is a critical issue, especially in
mechanically ventilated preterm infants, because each
additional week of MV increases the risk of ventilator-
induced lung injury, ventilator-associated pneumonia,
bronchopulmonary dysplasia (BPD), long-term neurode-
velopmental impairment, or even death [64]. The panel-
lists proposed that weaning from noninvasive or invasive
MV can be performed when lung consolidation disap-
pears on LUS or when lung oedema shows signs of sig-
nificant absorption (Figs. 9 and 10).

A prospective, multicentre cohort study showed that
LUS may predict weaning success [65]. The clinicians
who participated in this survey propose that in the deci-
sion to wean from MYV, the reduction in pathological
signs on LUS must be evaluated in the context of the
overall clinical picture. Extubation failure is defined as

the need for reintubation in the first 2—7 days after extu-
bation and occurs in as many as 10-80% low birth weight
infants of different populations [66, 67]. Any tool poten-
tially useful to improve this rate must be carefully consid-
ered because reintubation is significantly associated with
increased risks of respiratory morbidities and death or
BPD [64].

Using LUS to assess the lung water content
Despite an ongoing debate on the effective utility of LUS
in the semiquantitative estimation of the extravascular
lung water index (EVLWI) at lower thresholds, higher
thresholds (>20 ml/kg) of the EVLWI have acceptable
sensitivity and specificity in a paediatric population [68].
Moreover, LUS can be used to evaluate the lung water
content in very-low-birth-weight preterm neonates [69].
B-line protocols provide an accurate noninvasive evalu-
ation of lung water in critically ill patients by predicting
lung oedema with an EVLWI>10 and severe pulmo-
nary oedema with an EVLWI>15 [70]. A randomised
controlled trial recently confirmed that lung ultrasound
is a noninvasive and convenient tool for predicting fluid
overload in neonatal septic shock patients [71].
Therefore, based on clinical experience, the panel-
lists have suggested the use of LUS to stratify the need
for MV in patients with pulmonary oedema. In particu-
lar, noninvasive respiratory support may be needed if the
estimated lung water content is>10-15 ml/kg, whereas
invasive MV should be reserved for patients with an esti-
mated lung water content >15-20 ml/kg. Further studies
are necessary to confirm the validity of these statements
in neonates affected by pulmonary oedema.
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Fig. 5 Noninvasive ventilation is required for severe TTN. LUS showed confluent B-lines and alveolar-interstitial syndrome (AIS) in both lungs (A:left
lung, B:right lung), and no consolidation with air bronchograms were found, which was consistent with the ultrasound imaging features of TTN.
Patients may have a certain degree of dyspnea, and noninvasive MV can be given firstly

I:ung point

Stratospheré sign Lung point Sandy beach sign

Fig.6 MV is generally unnecessary for mild pneumothorax. For pneumothorax patient, if spared area (the area that pleural line and A line clearly
display surrounded by edema)(A) or lung point (B) exists in the LUS images. It could be mostly mild pneumothorax, usually no MV treatment
needed, the real-time ultrasound examination clearly display the presence of lung point, which was a mild pneumothorax involves less than one

intercostal space. Please also refer to Video 2

Using LUS to guide PS administration in newborn infants
with severe dyspnoea

LUS can support the selection of patients to receive PS
and timing of PS administration. Supplementation with
PS represents an important measure for treating severe
neonatal breathing difficulties in newborns, especially
for patients with RDS [15, 16, 24—27]. Specifically, the
panellists stated that exogenous PS should be provided
if the diagnosis is RDS on LUS (Figs. 1, 8, 9A), whereas

a significant decrease or disappearance of lung consoli-
dation after BAL should discourage PS administration
(Figs. 2, 3). Of course, if the diagnosis is TTN on LUS, PS
is usually unnecessary (Figs. 5, 10A).

Surfactant administration is currently guided only by
the newborn’s need for oxygen therapy based on a cut-off,
which can be considered entirely arbitrary and cannot
accurately reflect the patient’s oxygenation [72]. In con-
trast, some studies reported a strong correlation between
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“—-—_'4— A-line

Stratosphere sign

Fig. 7 MV is often used for severe pneumothorax. LUS showed clear presence of pleural line and A-line on B-mode image (A) and a stratospheric
sign on M-mode (B), lung sliding disappeared under real-time ultrasound scanning, while there are no spared area and lung point in the entire
lung field. Which was consistent with the ultrasound imaging characteristics of severe pneumothorax. In most cases, the infants with severe
pneumothorax need for invasive high-frequency oscillatory ventilation treatment

LUS findings and the need for surfactant therapy [59,
73]. The reported sensitivity and specificity of LUS in
predicting and guiding PS administration are 0.86 and
0.82, respectively [50, 74]. Similarly, a recent prospective
study confirmed that LUS improved the timeliness of PS
administration [75]. When used under ultrasound guid-
ance, the dose of PS is usually one-half the dose recom-
mended by the European guidelines for managing RDS.
A recent meta-analysis concluded that LUS is a powerful
technique for customising the first dose of surfactant in
infants with RDS [76].

In line with the European guidelines [77], the panellists
proposed that noninvasive ventilation and less invasive
surfactant administration (LISA) are the most suitable
initial management methods when LUS is consistent
with mild RDS, leaving MV for those with insufficient

Left 5-6

Left 5-6 PIP=20

respiratory drive or higher oxygen requirements. Instead,
invasive MV treatment with surfactant administration
should be chosen if the sonography diagnosis is grade II-
HIRDS.

Limitations and challenges of LUS

Neonatal LUS is an increasingly utilised diagnostic tool
because of its diagnostic potential, ability to perform
repeated examinations without exposure to ionising radi-
ation, and ability to provide real-time imaging. However,
compared with CXR, this technique presents several sig-
nificant limitations that restrict its applicability and effec-
tiveness in specific clinical settings. First, LUS has limited
utility in hyperinflated lungs and does not allow visuali-
sation of deep focal lesions when the peripheral lung is
normally aerated. Moreover, unlike chest X-ray, which

Left 5-6 PIP=30

Fig. 8 LUS to guide the adjustting of MV settings. A preterm infant with a gestational age of 31 weeks and a birth weight of 1700g was treated
with invasive MV for severe RDS. When the peak inspiratory pressure (PIP) was 0 cm H20, LUS showed severe snowflake sign-like lung consolidation
(A). LUS showed that the degree of consolidation decreased slightly when PIP increased to 20 cm H20 (B). However, the lung consolidation almost
disappeared when PIP increased to 30 cm H20 (C). Therefore, the 30 cm H20 of PIP is the most appropriate parameter for this patient
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provides a comprehensive anatomical overview of tho-
racic structures, ultrasound produces sectorial images,
creating limitations in diagnosing diffuse diseases and
conditions involving the chest wall. Additionally, LUS is
limited in assessing bony abnormalities or lesions, such
as rib fractures or spinal deformities, which can be eas-
ily identified through radiography. Therefore, while LUS
provides high sensitivity for detecting certain neonatal
lung conditions, CXR remains preferable in specific sce-
narios, such as severe lung trauma or when assessing con-
ditions requiring comprehensive thoracic visualisation.

Lung consolidation

Right' 5-6
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Additionally, unlike CXR, LUS is highly operator
dependent, requiring specialised training and experi-
ence to ensure accurate interpretation. This dependency
poses challenges in resource-limited settings where access
to training and equipment may be restricted. The cost of
acquiring and maintaining ultrasound machines, includ-
ing portable ultrasound machines, and implementing
comprehensive training programs can be significant bar-
riers to widespread adoption. Addressing these barriers
through low-cost training initiatives and simplified pro-
tocols could enhance LUS accessibility. Moreover, while
expert consensus supports LUS use, there is a pressing

Lung consolidation

Fig.9 Weaning from MV in patients with significant lung consolidation. We can withdraw MV when consolidation disappeared in patients
with lung consolidation as the main ultrasound manifestation, such as RDS (A), pneumonia or atelectasis (B) even if the image has not fully returned

to normal (C)

Fig. 10 Weaning from MV in patients with severe lung edema. MV could be withdrawed when lung edema absorbed almostly in patients
with severe edema as the major performance on LUS. When edema absorption happens, confluent B-lines, compact B lines or white lung (A) will

gradually become general B-lines (B) on LUS
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need for large-scale, prospective randomised controlled
trials to validate its efficacy and establish standardised
protocols. Future research should focus on these areas to
strengthen the evidence base for LUS in neonatal respira-
tory management.

Limitations

On the basis of all the expert opinions and suggestions,
the manuscript was revised more than 28 times. Never-
theless, several limitations also remain that need to be
clarified. Because the panellists involved in elaborating
and voting on the different statements primarily included
professionals previously involved in LUS research, their
position towards its use might be biased in a positive
sense. Another limitation of our consensus might be the
number and selection of the participants involved. We
aimed to include experts from different areas worldwide,
but the expertise level might differ among participants.
Important experts in neonatal LUS were not involved
in the study. Moreover, some statements of the present
consensus are mainly based on the panellists’ clinical
experience, and some may need confirmation in further
high-quality prospective studies. For example, statements
related to the precise estimation of lung water content
highlight the need for experimental trials on neonates,
and further research is necessary.

However, the clinical perspective remains crucial
for guiding practice and clinical research. One of the
main strengths of the present study is that the clinicians
involved in developing this consensus were from very dif-
ferent backgrounds. Although important differences may
exist in the management of neonatal pulmonary disease
and the use of LUS among different countries, the inclu-
sion of experts from different specialties and geographi-
cal areas has enriched the content of the consensus.

Conclusions

In conclusion, the present study suggests that LUS should
play a crucial role in the management of neonatal respira-
tory diseases, as supported by previous findings of high
sensitivity (88%) and specificity (82%) in determining the
need for PS treatment or MV in infants with RDS [15,
50]. Furthermore, as a repeatable and dynamic bedside
method, LUS allows frequent monitoring of treatment
results, resolution of pulmonary pathological signs, and
timely identification of worsening pulmonary conditions.
LUS enables lung function assessment at the regional
level, which may offer the precision currently lacking to
clinicians to meaningfully individualise respiratory ther-
apies [24-26]. Finally, LUS is an easy-to-learn imaging
method with a high degree of interobserver agreement.
The time needed for accurate image acquisition was
approximately 3 min in highly skilled hands [26].
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According to animal model research, microvascu-
lar pulmonary capillary haemorrhage (PCH) injury is
possible with clinical LUS use, which could introduce
extraneous occurrence of the B-line sign. This possibil-
ity is of clinical significance and should be explored in
future pathological investigations [78, 79].

The authors propose this document as a starting point
for further international discussion of the existing evi-
dence, reliability of the proposed statements, and future
perspectives on the use of LUS in optimising the manage-
ment of neonatal respiratory dyspnoea to obtain shared
benefits for research, the health care sector, and patients.
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