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SUMMARY:

Lung ultrasound is a noninvasive and valuable tool for bedside evaluation of neonatal lung
diseases. However, a relative lack of reference standards, protocols and guidelines may limit its
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application. Here, we aim to develop a standardized neonatal lung ultrasound diagnostic protocol
to be used in clinical decision-making.

ABSTRACT:

Ultrasound is a safe bedside imaging tool that obviates the use of ionizing radiation diagnostic
procedures. Due to its convenience, the lung ultrasound has received increasing attention from
neonatal physicians. Nevertheless, clear reference standards and guideline limits are needed for
accurate application of this diagnostic modality. This document aims to summarize expert
opinions and to provide precise guidance to help facilitate the use of the lung ultrasound in the
diagnosis of neonatal lung diseases.

INTRODUCTION:

The chest x-ray (CXR) and/or chest computerized tomography (chest CT) are the main imaging
tools in the diagnosis of lung diseases. For a long time, the lung ultrasound (LUS) was considered
a "forbidden zone” in the diagnosis of lung diseases since ultrasonic waves are totally reflected
when encountering air. However, by utilizing ultrasonic artifacts formed by different pathological
changes in adults, children and newborn infants>, this "forbidden zone" has been contested and
point-of-care lung ultrasound (POC-LUS) has been successfully used for the diagnosis of lung
diseases. Some authors have recommended POC-LUS as a preferred imaging modality in
evaluation of lung diseases due to its greater accuracy, reliability, ease of performance and lack
of potential adverse effects (i.e., radiation)>”. In some neonatal intensive care units (NICUs), POC-
LUS has replaced CXR and become the first-line approach used for the diagnosis and differential
diagnosis of various neonatal lung diseases>”.

Nonetheless, the use of POC-LUS remains limited due to the lack of operating protocols,
diagnostic standards and guidelines. To promote proper utilization of POC-LUS in the neonatal
field, the Division of Perinatology of the Society of Chinese Pediatrics and the Division of Neonatal
Ultrasound Society of the Chinese Neonatologist Association in combination with the Chinese
College of Critical Ultrasound have organized an international expert panel to review the latest
publications on neonatal LUS. The panel summarized these expert-opinions and developed the
present LUS protocols and guidelines for its use. The main objective is to popularize the
application of POC-LUS in NICUs is reducing the number of CXR and thus avoiding the potential
radiation-induced harmful effects. As a real-time imaging technique, LUS is user-friendly, easy to
learn, and easy to replicate with appropriate training.

Patients and timing of the LUS examination

Indications for the initial POC-LUS exam include: (i) a neonate admitted for respiratory distress
(ii) prenatal suspicion of lung lesions, and (iii) a neonate with a sudden deterioration of
respiratory status.

Indications for a follow-up POC-LUS exam include: (i) helping to guide respiratory support (In
experienced hands, ultrasonography-assisted weaning of mechanical ventilation may
significantly shorten the duration of mechanical ventilation and reduce extubation failure.); (ii)
helping to guide changes in the level of respiratory support after surfactant delivery as well as to
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determine the need for a repeat surfactant treatment; (iii) monitoring the progress of respiratory
illness when needed; (iv) following up on the changes in the lung volume or the degree of
atelectasis in the post-bronchoalveolar lavage period (i.e., for infants with meconium aspiration
syndrome, severe pneumonia, or atelectasis) as well as to improve visualization of the
therapeutic effects of thoracentesis (i.e. pleural effusion or pneumothorax)%L.

Lung Ultrasonography Terminology

Pleural line and lung sliding?'3: A pleural line is a hyperechoic reflection formed by the
difference in acoustic impedance between the pleural-lung surface interface. It appears as a
smooth, regular and relatively straight hyperechoic line (Supplemental Figure 1). Blurring,
irregularities, interruption of continuity or absence of the pleural line indicates abnormalities. In
a real-time ultrasound, the pleural line moves in a to- and fro- pattern, synchronized with
respiratory movement. This kind of movement is called lung sliding (Video 1). The absence of
lung sliding is always pathologic.

A-line'?13; An A-line is a type of reverberation artifact caused by multiple reflections of the pleura
when the probe is perpendicular to the ribs for scanning. A-lines are situated below the pleural
line and present as a series of smooth, clear, regular and equidistant hyperechoic parallel lines.
The echoes of the A-lines gradually diminish as they move deeper into the lung field where they
ultimately disappear (Supplemental Figure 2).

B-line, confluent B-line and alveolar-interstitial syndrome3-1>: Based on current literature and
our clinical experiences in the field of neonatal lung diseases, we have defined these terms as
follows: A single B-line is a type of linear hyperechoic reflection of an artifact caused by an
ultrasound wave encountering the alveolar gas-liquid interface. B-lines arise from and are
roughly vertical to the pleural line. They spread downwards to the edge of the screen without
fading and move in synchrony with lung sliding. A confluent B-line is defined as the entire
intercostal space filled with B-lines (B-line fusion, reflecting B-lines that are difficult to distinguish
and count) between two acoustic shadows of the ribs. Alveolar-interstitial syndrome (AIS) is
defined as two or more sequential intercostal spaces with confluent B-lines in any scanning area
(Supplemental Figure 3).

Compact B-lines and white lung'>'¢: When the probe is used to scan perpendicular to the ribs,
the presence of concentrated B-lines may cause the acoustic shadow of the ribs to disappear
within the entire scanning zone. This type of B-line is called a compact B-line. A white lung is
present when each scanning zone on both sides of the lung presents as compact B-lines. Compact
B-lines and a white lung are manifestations of severe pulmonary edema (Supplemental Figure
4).

Lung consolidation and shred sign'”'8: On LUS, lung fields may have a tissue-like density (lung
tissue ‘hepatization’), which usually represents lung consolidation. Lung consolidation may be
accompanied by air bronchograms, fluid bronchograms, or even dynamic air bronchograms in
the most severe cases (Video 2). When the boundary between the consolidated lung tissue and
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the aerated lung tissue is unclear, the hyperechoic ultrasonic signs formed between the two areas
are called shred signs (Supplemental Figure 5).

Lung pulse®: If lung consolidation is sufficiently large and near the edges of the heart, the
consolidated lung may appear to be pulsating synchronized with the heartbeat when observed
with real-time ultrasound. This sign is called the lung pulse (Video 3).

Lung point'31820: Under real-time ultrasound, the appearance of an alternate area where lung
sliding is present and then absent is called a lung point. The lung point is a specific sign of a
pneumothorax and can accurately locate the position of the gas boundary when a mild-moderate
pneumothorax is present (Supplemental Figure 6).

Double lung point?': Due to the differences in the severities and/or the natures of the lesions in
different area of the lungs, a clear difference between the upper and lower lung fields could be
found with perpendicular scans, which forms a sharp cut-off point between the upper and lower
lung field known as a double point (Supplemental Figure 7).

Sandy beach sign and stratosphere sign?°?2: Under M-mode ultrasonography, a series of wavy-
line echo above the pleural line and the uniform granular dot echo (generated by the lung sliding)
below the pleural line can together form a beach-like sign known as a sandy beach sign or
seashore sign. When lung sliding disappears, the granular dot echoes are replaced by a series of
horizontal parallel lines. This kind of ultrasonic sign is known as a stratosphere sign or barcode
sign (Supplemental Figure 8).

PROTOCOL:

This work was approved by the research ethics committee of Beijing Chaoyang District
Committee of Science & Technology and the ethics committee of Beijing Chaoyang District
Maternal and child Healthcare Hospital, and that the protocol follows the guidelines of the
hospital’s human research ethics committee.

1. Ultrasound exam preparation

1.1. Probe selection

1.1.1. Select a high-frequency linear probe (9.0 MHz) for POC-LUS to ensure high resolution.
NOTE: A higher frequency linear probe is used to assure higher resolution. For infants with a
lower gestational age or lower birth weight, a higher frequency probe is required. When the
penetration is not enough, decrease the frequency or change to a lower frequency liner probe.
If no suitable linear probe is available, consider using a high-frequency (28.0 MHz) convex array

probe.

1.2. Probe disinfection
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1.2.1. Disinfect the probe before and after patient examination to avoid nosocomial infection and
cross-contamination.

NOTE: The easiest, most convenient and effective disinfecting method is the use of special
disinfection wipes. Alternatively, powderless gloves or probe covers can also be considered.

1.3. Preset selection

1.3.1. Choose a LUS preset.

1.3.2. Optimize the image for lung scanning if there is no LUS preset.
1.3.2.1. Select one of Small Parts presets.

1.3.2.2. Modify the parameters to perform lung scanning. Adjust the Depth button to make it 4-
5cm.

1.3.2.3. Press the Focus Zone button to have 1-2 focuses and adjust it to change the focus position
near the level of pleural line. Turn on the SRI (Speckle Reduction Imaging) button and select level
2-3 to reduce the speckle noise.

1.3.2.4. Turn on the CRI button (Crossbeam) and select level 2 to improve contrast resolution.
Activate the Harmonics to improve the signal-noise ratio or use the fundamental frequency for
sharper A-lines or B-lines.

1.4. Ultrasound gel application

1.4.1. Warm up the gel.

1.4.2. Apply a layer of gel on the transducer. Make sure to avoid air bubbles between the
transducer and the skin surface.

2. Infant positioning
2.1. Keep the infant in a quiet state.
2.2. Swaddle the infant exposing only the area to be examined.

2.3. Place the infant in the supine, prone or side position before and during the process of
examination.

NOTE: In general, we do not recommend using sedatives while pacifier use is encouraged. Supine
positioning is convenient for scanning of the anterior and lateral chest. Prone or side positioning
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is convenient for scanning of the back and lateral chest.

3. Lung partitioning

3.1. Six-region method

3.1.1. Divide each lung into three regions: anterior, lateral and posterior lung area. To do this,
use the anterior axillary line and the posterior axillary line as boundaries. Divide both lungs into
a total of six regions.

3.2. Twelve-region method

3.2.1. By using the line that connects the nipples, divide each lung into upper and lower lung
fields, resulting in a total of 12 regions on both sides of the lungs.

NOTE: Carefully scan the entire lung fields. Each of the 6 or 12 areas should be scanned separately
to ensure comprehensive coverage and to minimize the possibility of missing existing lung
lesions.

4. Scan mode selection

4.1. B-mode ultrasound

4.1.1. Press the 2D button on the user interface to start B-mode scanning.

NOTE: B-mode scanning is the most important and the most commonly used mode in obtaining
LUS images. The majority of lung diseases can be found with B-mode scanning.

4.2. M-mode ultrasound

4.2.1. Press the M button on the user interface to start M mode scanning if needed.

NOTE: M-mode ultrasound is helpful for further confirmation of the possibility of pneumothorax.
4.3. Color or power Doppler ultrasound

4.3.1. Press the C button or PD button on the user interface to start the color or power Doppler
examination if needed.

NOTE: Doppler ultrasound is used occasionally to assess the blood flow in the large area of lung
consolidations or to distinguish the bronchi from blood vessels.

5. Scanning methods
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5.1. Perpendicular scanning

5.1.1. Place the transducer perpendicular to the ribs and slide it from the midline to the lateral
side along the wide axis to perform the perpendicular scanning.

5.1.2. After initial area of the lung is scanned, move the transducer from up to down and scan
the remaining areas until all the lung fields are examined.

NOTE: Perpendicular scanning is the most important scanning method. Keeping the transducer
perpendicular to the ribs is the key to obtaining accurate and reliable results.

5.2. Parallel scanning

5.2.1. Rotate the transducer 90° after finishing the perpendicular scanning. Keep the transducer
parallel to the ribs and slide it along the narrow axis to realize the parallel scanning.

5.2.2. After the initial area of the lung is scanned, move the transducer from up to down to scan
the remaining areas until all the lung fields are examined.

5.3. Transdiaphragmatic scanning

5.3.1. Place the transducer below the xiphoid and angle the transducer from side to side to scan
the diaphragm and the bottom of lungs via the liver as the acoustic window.

NOTE: Increase the depth and turn on virtual convex scanning to expand the far field area if
needed.

REPRESENTATIVE RESULTS:

The main purpose of this protocol and guideline is to instruct users on how to use LUS to diagnose
and differentiate common neonatal lung diseases. These include respiratory distress syndrome
(RDS), transient tachypnea of the newborn (TTN), pneumonia, meconium aspiration syndrome
(MAS), pulmonary hemorrhage, pulmonary atelectasis and pneumothorax, etc. Thus, the normal
neonatal LUS characteristics and the LUS diagnostic criteria for different lung diseases are
described in detail.

Normal Neonatal Lung Ultrasound

The neonatal normal lung field appears hypoechoic on a B-mode ultrasound. Pleural lines and A-
lines are smooth, regular and straight. As mentioned previously, A-lines are hyperechoic,
arranged in parallel and equidistant from one each other. A-line echoes gradually diminish until
they disappear from the shallow to the deep part of the lung fields. There may not be any B-lines
(three to seven days after birth) or just a few B-lines (within three to seven days after birth) in
the lung fields. However, there is no AlS, pleural effusion, or lung consolidation. Lung sliding is
detectable by real-time ultrasound, whereas in M-mode imaging, a linear pattern appears in
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tissues superficial to the pleural line, and a grainy or sandy pattern appears below the pleural
line, creating the seashore sign (Figure 1)2* 24,

LUS Characteristics and Diagnostic Criteria for Lung Diseases of the Newborn Infants

Respiratory distress syndrome (RDS) of the newborn

RDS refers to a lung disease where main clinical manifestations are tachypnea, retractions,
grunting and cyanosis. It presents immediately after birth. RDS is caused by a primary or
secondary deficiency of pulmonary surfactant in preterm and term neonates respectively. Lack
of surfactant causes development of pulmonary atelectasis and low lung volumes?>-?’. Currently
the diagnosis of RDS is based on history, clinical manifestations and CXR findings. However, RDS
can also be diagnosed easily and accurately by LUS. A meta-analysis that included 673 newborn
infants with RDS showed that the sensitivity and specificity of LUS in diagnosing RDS was 99%
and 96%, respectively?8.

LUS diagnosis of RDS is based on the following findings'®?8-34, (i) Lung consolidations
accompanied by air-bronchograms are the most important LUS manifestation of RDS, which is
characterized by the following: (a) Consolidations are most often observed in the posterior parts
of the lungs. The degree of consolidation is related to the severity of the disease. (b)
Consolidations are limited only to the region beneath the pleura in mild RDS patients. Conversely,
the areas of consolidation may extend to deeper parts of the lung fields in more severe RDS. (c)
Usually, consolidations are visible in different lung fields bilaterally. Nevertheless, they may be
limited to certain intercostal spaces on one side of the lung. Consolidated areas show an uneven
hypoechoic quality and the boundary with surrounding lung tissue is clear and easy to distinguish.
(d) Air-bronchograms show dense, speckled or snowflake-like shapes. (ii) The pleural line is
abnormal, and the A-lines disappear. (iii) The non-consolidated zones may appear as AlS. (iv) 15%
to 20% of patients may have different degrees of unilateral or bilateral pleural effusion.

In addition, changes in pulmonary status can be efficiently followed-up by LUS. Improvements in
LUS findings are often first observed in anterior lung areas because these areas are non-
dependent and better ventilated. Transition from consolidation to aggregation-induced emission
(AIE), AIE to interstitial edema (IE), and IE to a normal LUS pattern or vice-versa can be seen. This
LUS quality allows for estimation of the surfactant replacement therapy effect (Figure 2).

Transient tachypnea of the newborn (TTN)

TTNis also known as ‘wet lung’ of the newborn. It is one of the most common respiratory diseases
in newborn infants. TTN is self-limited with most patients recovering within 24-72 hours without
any special intervention. Rarely, it can lead to severe respiratory distress, hypoxemia,
pneumothorax or even death3>3%, TTN is often underdiagnosed, especially among premature
infants. It has been reported that 62% to 77% of infants who were clinically diagnosed with RDS
actually had TTN according to the traditional diagnostic criteria3®3”. LUS can eliminate such
misdiagnoses since TTN can be easily differentiated from RDS and other lung diseases by LUS.
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The main characteristic of TTN is lung edema without lung consolidations, and it is diagnosed
based on the following findings?1-3%3%:3839 (i) Mild TTN mainly manifests as AIS and a double lung
point. Severe TTN in the acute period mainly manifests as a compact B-line, white lung, or severe
AlIS, while a double lung point may appear with disease recovery. (ii) Mild or severe TTN is
characterized by pleural line abnormalities, A-line disappearance, and different degrees of
pleural effusion in one or the bilateral side of chest. (iii) No consolidation is observed in the lung
fields (Figure 3).

Pneumonia of the newborn

Pneumonia refers to inflammation of the lung parenchyma, including the terminal airway,
alveolar space and pulmonary interstitial areas. It is caused by infectious microorganisms or
physical or chemical factors. Pathologically, alveolar inflammatory exudates, hyperemia and
edema are present. When bronchiolar epithelium cell necrosis occurs, mucous and cellular debris
in the lumen can cause regional air trapping and atelectasis. Pneumonia is responsible for more
than 1/3 of all newborn hospitalizations and infectious pneumonia accounts for more than 1/4
of all neonatal deaths especially in the developing world*%4!, A meta-analysis showed a sensitivity
higher than 96% and specificity higher than 93% when LUS is used to diagnose pneumonia both
in adults and children243,

LUS imaging characteristics of pneumonia include the following**-*8. (i) Lung consolidations
accompanied by air-bronchograms or fluid-bronchograms; Lung consolidations are the main
ultrasound-imaging feature of pneumonia, which are characterized by the following: (a) The size
of the consolidation in severe pneumonia is usually large with irregular or jagged boundaries. The
shred sign is visible at the edges of the consolidated areas and the dynamic-bronchograms are
often visible in severe patients. (b) Consolidations may be located at one or more positions in the
lung fields, and consolidated areas may differ in size and shape in the different lung fields. (ii) The
pleural line is abnormal and A-lines disappear. (iii) B-lines or AIS are visible in the nonconsolidated
areas. (iv) Different degrees of unilateral or bilateral pleural effusion are visible in some infants.
(v) The main manifestations of mild or early pneumonia may be presented as small subpleural
focal consolidations and AlIS (Figure 4).

Meconium aspiration syndrome (MAS) of the newborn

MAS is due to fetal hypoxia leading to defecation and inhalation of meconium-stained amniotic
fluid by the infant before or during the delivery process. Meconium particles cause mechanical
obstruction of the terminal bronchioles and alveoli together with chemical inflammation and
secondary surfactant deficiency. These changes further lead to air-trapping, atelectasis and
alveolar or interstitial pulmonary edema. Infants with severe MAS often present with signs of
severe respiratory distress including cyanosis, tachypnea, nasal flaring, and retractions and
grunting within hours of birth. MAS is a serious lung disease accounting for approximately 10%
of all cases of neonatal respiratory failure. Among these patients 10% to 20% will experience
pneumothorax and the reported mortality can be as high as 39% in developing and newly
industrialized countries*°0,
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The bases for the LUS diagnosis of MAS are as follows>>3: (i) Lung consolidations accompanied
by air-bronchograms are the most important sonogram characteristic of MAS. The scope of
consolidation is related to the degree of the disease. The edges of the consolidation area are
irregular or jagged and the shred sign is visible. The degrees of consolidation may differ between
the two sides of the lung. Similarly, different sizes of consolidation may be present on the same
side of the lung. (ii) The pleural line is abnormal, and the A-line disappears. (iii) The B-lines or AIS
are visible in the nonconsolidated zone. (iv) Some patients may have different degrees of
unilateral or bilateral pleural effusion. It is difficult to differentiate MAS and pneumonia solely
based on ultrasound manifestations. Therefore, to obtain a definitive diagnosis it is often
necessary to combine ultrasound findings with perinatal history, physical exam and laboratory
findings (Figure 5).

Pulmonary hemorrhage of the newborn (PHN)

PHN is not an independent lung disease. In general, it is a late complication of other diseases, its
onset is sudden and the infant deteriorates rapidly causing PHN to have a high mortality rate.
Pathologically, PHN can present as a focal, regional, or diffuse hemorrhage, usually with alveolar
structural damage. The interstitial area of the lung can also be affected. PHN often occurs within
the first several days after birth with nearly 90% of PHN occurring within the first week of life>*>>,

The main LUS characteristics in PHN are as follows>®°7: (i) The shred sign is the most common
and the most important LUS sign of PHN. (ii) The degree of lung consolidations accompanied by
air-bronchograms are closely related to the severity of the primary diseases. (iii) More than 80%
of the patients have different degrees of unilateral or bilateral pleural effusion. Thoracentesis
usually confirms the effusion is bleeding. In severe cases, fibrous, cordlike, floating objects
formed by fibrin degeneration are visible within the effusion. These objects can be seen floating
in the effusion along with respiratory movement by real-time ultrasound. (iv) Miscellaneous signs
include pleural line abnormalities, A-line disappearance and AlIS (Figure 6).

Pulmonary atelectasis of the newborn

Inadequate aeration resulting from collapse of previously expanded pulmonary tissue is defined
as atelectasis*®°°, Atelectasis can be divided into obstructive and compressive atelectasis based
on the pathophysiology. It can also be divided into complete atelectasis and incomplete
atelectasis according to the degree of atelectasis. It is not also an independent disease but rather
a common complication of multiple diseases. Atelectasis is a common cause of neonatal
respiratory distress and often contributes to prolonged illness or difficulty weaning from
ventilator support. Correct diagnosis and appropriate treatment lead to improved outcomes>®>°.
LUS has a great diagnostic value in cases of pulmonary atelectasis.

Characteristic LUS findings include®-62; (i) Lung consolidation accompanied by air bronchograms,
or even dynamic bronchograms or parallel air bronchograms are visible in severe cases. (ii) The
edges of the consolidation area are relatively clear and regular in severe large-area pulmonary
atelectasis. If the atelectasis is limited to a small region, the edges of the consolidation area may
not be obvious. (iii) The pleural line in the consolidation area is abnormal and A-lines disappear.
(iv) In the early stages of severe or large-area atelectasis, the lung pulse may be visible while lung
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sliding often disappears under real-time ultrasound. (v) The pulmonary blood flow may be visible
in the consolidated areas by color or power Doppler ultrasound. If atelectasis persists (the final
stages of atelectasis), both the dynamic bronchograms and the blood flow will disappear (Figure
7, Figure 8, Supplemental Video 1, Supplemental Video 2).

Pneumothorax of the newborn

Abnormal accumulation of air in the pleural space is defined as a pneumothorax. It is a relatively
common but critical neonatal illness associated with high morbidity and mortality especially in
preterm infants®3%4, Ultrasound diagnosis of a pneumothorax is very sensitive and specific. Both
meta-analysis and prospective controlled studies have shown that LUS is more accurate than CXR
for the detection of pneumothorax®%¢7,

Pneumothorax is diagnosed based on the following LUS signs2%®>-%8: (i) Disappearance of lung
sliding is the most important sign in the ultrasound diagnosis of pneumothorax. If lung sliding is
present, pneumothorax can essentially be excluded. (ii) There are no B-line or comet tail signs, if
present pneumothorax can also be excluded. (iii) The clear presence of the lung point is a specific
sign for ultrasound diagnosis of mild-to-moderate pneumothorax. However, there is no lung
point in severe pneumothorax. The specificity of the lung point in diagnosing pneumothorax is
100% while the sensitivity of approximately 70% or higher??. (iv) The pleural line and A-lines are
present. Pneumothorax can be excluded if these lines disappear. (v) On M-mode imaging the
sandy beach signs are replaced by the stratosphere signs (Figure 9, Figure 10, Video, 5, Video 6).

For beginners, the following steps may be taken if there are clinical doubts. (i) First, observe the
pleural line and the A-line: if they are absent, pneumothorax can be excluded. (ii) If the pleural
line and A-lines are present (that is normal lung appearance under B-mode ultrasound), observe
lung sliding under real-time ultrasound. If it is present, pneumothorax can be excluded. (iii) If lung
sliding disappears, observe the B-line or comet tail sign. If either is present, pneumothorax can
be excluded. (iv) If lung sliding disappears and there is no B-line, observe the lung point. If it is
present, then mild-to-moderate pneumothorax is essentially confirmed. If it is absent, then
severe pneumothorax may have occurred. (v) On M-mode imaging, if the beach sign is replaced
by a stratosphere sign, the existence of pneumothorax is further confirmed. The pneumothorax
diagnostic procedure is shown in the Figure 11.

[Place Fig 11 here]

Pulmonary edema in cardiac insufficiency

Causes of pulmonary edema in newborns are similar to the ones in the adult population. In
addition to the newborns with congenital heart diseases or cardiac insufficiency, many preterm
infants with bronchopulmonary dysplasia (BPD) may show signs that are consistent with
pulmonary edema® 70, Occasionally, LUS shows an increase in bilateral B-lines or interstitial fluid
even before CXR. This pattern may improve upon cardiac treatment or surgery.

Examining correct ETT placement and position
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In pediatric and neonatal populations, studies have shown that POC-US is a feasible tool that has
been used clinically to verify both correct endotracheal tube (ETT) placement and an acceptable
ETT tip position’*’>, Proper ETT placement includes both tracheal intubation and an acceptable
ETT tip position. Visualization of the ETT tip at a distance ranging from 0.5 to 1.0 cm from the
upper border of the aortic arch suggests that the ETT is not too deep. This method has been
validated in several studies’3. A recent study confirmed these findings and found that ultrasound
provided images more rapidly than CXR (mean 19.3 vs. 47 minutes, respectively)’?. The
concordance of POC-US with CXR to recognize deep and shallow ETT tips was 95%. The sensitivity
of LUS to detect deeply positioned ETT tips on X-ray was 86% (specificity of 96%)’3. Other studies
have evaluated the distance from the ETT tip to the superior aspect of the main pulmonary artery
that anatomically corresponds to the level of the carina and found a good correlation between
this technique and radiography’>7®.

FIGURE LEGENDS:

Figure 1: Neonatal normal LUS characteristics.

On B-mode imaging, the pleural line and A-line show smooth, regular and hyperechoic lines
arranged in parallel and equidistant from each other. The A-line echoes gradually diminish until
they disappear. In M-mode, a seashore sign is present.

Figure 2: LUS image characteristics of RDS patients.

(A) CXR of a patient with grade II-lll RDS (A-1). LUS shows lung consolidation with air
bronchograms in bilateral lung fields, disappearance of the pleural line and A-lines (A-2: left lung,
A-3: right lung).

(B) CXR of a patient with grade 11l RDS (B-1). LUS shows a large area of consolidation and a small
effusion in the left lung (B-2), significant consolidation in the upper field and a large amount of
pleural effusion in the lower field of the right lung (B-3).

Figure 3: LUS image characteristics of TTN patients.

(A) Double lung point. Clear, sharp cut-off point between the upper and lower lung fields. It is
formed when there are differences in the degrees of pathological changes. This sign is often
observed in mild TTN.

(B) LUS shows a disappearance of the pleural line and A-lines, as well as AIS in the lung fields.
(C) An area of fluid in the right lung indicating a pleural effusion.

(D) The dense B-line causes the acoustic shadows of the ribs to disappear from the entire scanned
area. This type of B-line is called a compact B-line. White lung is defined as the existence of
compact B-lines within each lung field. Both compact B-lines and white lung are common
ultrasound signs of severe TTN.

Figure 4: LUS image characteristics of pneumonia patients.

(A) Vertical scanning: The image demonstrates large areas of lung consolidation with air
bronchograms in the lung field. The consolidation area has irregular boundaries.

(B) Horizontal scanning: The image shows large areas of lung consolidation with significant air
bronchograms in the lung field.
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(C) Extended view: A severe pneumonia patient. Extended view shows a whole aspect of the
consolidations involving the left lung.

Figure 5: LUS image characteristics of MAS patients.

(A) LUS shows large areas of pulmonary consolidation with irregular edges, especially in the right
lung. This finding is consistent with the CXR.

(B) LUS shows a large lung consolidation with the air bronchograms, irregular edges, abnormal
pleural line and the absence of A-lines. The CXR shows patchy opacities that highly suggest MAS.

Figure 6: LUS image characteristics of PHN.

(A) Ultrasound findings in a severe PHN patient. CXR shows bilateral hazy lung fields with low
lung volumes and pleural effusions. Middle and right: LUS shows a large area of lung
consolidation with an air bronchogram, shred sign at the edge of the consolidation and pleural
effusions in both sides of the lungs. The pleural effusion confirmed to be hemorrhagic by
thoracentesis. Pleural line and A-line are absent. Fibrous protein depositions are observed as
cordlike floating objects on real-time ultrasound.

(B) Pleural effusion as the main ultrasound finding in PHN patients. LUS shows significant pleural
effusion on both sides of the chest (more severe on the right). This finding is consistent with the
CXR. The fluid was confirmed to be bloody by thoracentesis. The other findings are AlS and mild
shred signs.

Figure 7: LUS image characteristics of pulmonary atelectasis of the newborn.

LUS shows a large consolidation area with regular edges in the right lung (A, B, C). The
echogenicity of the consolidated lung tissue is similar to that of the adjacent liver tissue (B, C).
Significant air bronchograms are observed (C).

Figure 8: Blood flow within atelectasis

(A) B-mode LUS shows a large area consolidation with a significant air-bronchograms as well as
regular margins, presented as atelectasis.

(B) Color Doppler ultrasound shows significant arterial blood supply within consolidated area of
the lung (Video 4).

Figure 9: Lung point in mild-moderate pneumothorax

(A) TTN patient with pneumothorax. The B-mode LUS shows an abnormal pleural line, AIS and
disappearing A-lines in the left lung. Right lung shows a lung point. Lung sliding occurs in the B-
line area but is absent in the A-line area on real-time ultrasound (Video 5).

(B) RDS patient with pneumothorax. B-mode LUS shows a large lung consolidation with air
bronchograms in the left lung and a small consolidation in the right lung. The pleural line and A-
lines are present on the right side of the right lung.

(C) Lung point under M-mode ultrasound. Left lung shows the beach sign. Right lung shows the
lung point (the point between beach sign and stratosphere sign), confirming mild pneumothorax.

Figure 10: LUS in massive pneumothorax
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(A) CXR shows severe pneumothorax in the left lung. Pleural line and A-lines are present on the
left lung but no lung point is found. LUS shows AIS in the right lung. Lung sliding disappears in the
whole left lung field while present on the right on real-time ultrasound (Video 6).

(B) Under M-mode ultrasound the right lung shows a beach sign while the left lung presents a
stratosphere sign (also known as a barcode sign). This confirms a severe pneumothorax in the
left hemithorax.

Figure 11: Flowchart for pneumothorax diagnostic procedure

Video 1: Lung sliding
The pleural line moves in synchrony with respirations.

Video 2: Dynamic air bronchograms
When severe lung consolidation is present air-bronchograms move with the respirations. This
kind of air-bronchogram is also known as dynamic air-bronchogram.

Video 3: Lung pulse
If the area of lung consolidation is large enough, the consolidated lung pulsates in synchrony with
heartbeats, this kind of pulsation is called the lung pulse.

Video 4: Blood supply in atelectasis area
The rich blood supplying can be found under Color Doppler ultrasound.

Video 5: Lung point in a mild-moderate pneumothorax patient
Lung sliding occurs in the B-line area but is absent in the A-line area on real-time ultrasound.

Videos 6: Disappeared lung sliding in a severe pneumothorax patient
Lung sliding disappeared in the entire right lung field. It is presented in the left lung.

Supplemental Figure 1: Pleural line
Under B-mode ultrasound, the pleural line appears as a smooth, regular hyperechoic lines.

Supplemental Figure 2: A-lines
A-lines are situated below the pleural line. They present as a series of smooth, linear hyperechoic
parallel lines.

Supplemental Figure 3: B-line, confluent B-line, and AIS

(A) B-lines. B-lines arise from and are roughly vertical to the pleural line.

(B) Confluent B-lines. Confluent B-lines occur when the entire intercostal space is full of intense
B-lines, but the acoustic shadow of the ribs is still clearly displayed.

(C) Alveolar-interstitial syndrome. AIS is defined by the presence of two or more sequential
intercostal spaces with confluent B-lines in any scanning area.

Supplemental Figure 4: Compact B-lines.
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Compact B-lines refer to the concentration of B-lines that causes acoustic shadow of the ribs to
disappear within the scanning zone. White lung occurs when each scanning zone on both sides
of the lung presents as compact B-lines.

Supplemental Figure 5: Lung consolidation and shred sign.

(A) Lung consolidation. On LUS lung tissues gives appearance of tissue-like density, also called
‘hepatization’ of the lung.

(B) Shred sign. When the boundary between consolidated lung tissue and aerated lung tissue is
unclear the ultrasound sign formed between the two areas is called a shred sign.

Supplemental Figure 6: Lung point
The transition point from the B-line area to the parietal pleura and A-line existing area is the lung
point.

Supplemental Figure 7: Double lung point.
Differences in the degree or pathologic changes between upper and lower lung fields indicate a
double lung point.

Supplemental Figure 8 Sandy beach sign and stratosphere sign
Under M-mode ultrasound, the part A presents the sandy beach sign (generally excluded
pneumothorax) while the part B shows the stratosphere sign (generally seen in pneumothorax).

Supplemental Video 1: Lung pulse in a patient with severe atelectasis
Severe atelectasis in the left lung. Movement of the atelectatic lung can be observed with the
heart beat by real-time ultrasound; this movement is called the lung pulse.

Supplemental Video 2: Dynamic air bronchograms in a patient with severe atelectasis

Air bronchograms are observed with respiratory movement by real-time ultrasound. This kind of
movement is known as a dynamic air bronchogram and is a common ultrasound sign in severe
atelectasis patients.

DISCUSSION:

POC-LUS is a feasible and convenient diagnostic method that can be performed in the NICU at
the bedside. It is very sensitive and reliable in the diagnosis of all types of neonatal lung
diseases’’. Furthermore, it has many advantages over the CXR and CT scan such as accuracy,
reliability, low cost, simplicity and no risk of adverse effects due to radiation. Therefore, we
encourage the use of LUS in the NICU. When learning this imaging modality, the following issues
need to be carefully considered: (1) Examiners require at least 6-8 weeks of training. They have
to evaluate 20-30 patients with each type of lung disease to master the technique. The diagnostic
sequence for pneumothorax is more challenging in neonates compared to older children or
adults. We suggest that in this case trainees receive extra training time. (2) Examiners operate in
strict accordance with the operating procedures of the ultrasound instrument. (3) Examiners
should reduce adverse stimulation of neonate as much as possible. The ultrasound exam is to be
performed at appropriate times, especially in high-risk infants. (4) The exam is to be ideally
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performed with a quiet and calm neonate. No sedatives are needed to perform the examination.
(5) Care must be taken to keep the neonate warm. Ultrasound gel must be preheated. (6)
Sterilization and isolation procedures must be observed. The operators should wash their hands,
carefully clean and sterilize the probe and use a protective plastic probe cover to avoid cross-
contamination.

Perpendicular scanning is the most important and most commonly used scanning method. Since
sub-pleural lung tissue is located at the distal end of the bronchial and blood supply, it is more
likely to be affected by different lung diseases. Therefore, perpendicular scanning can delineate
nearly the entire lung anatomy in neonates. Certainly, parallel scanning is also very helpful in
detecting mild lung lesions (i.e., pathological changes involving only 1-2 intercostal spaces and
limited to the subpleural areas) or in identifying the “lung point” when a mild-moderate
pneumothorax is suspected®. When the lesions mainly involve the bottom of the bilateral lungs,
scanning may also be performed below the diaphragm via the liver as an acoustic window. This
type of scanning can also be used to examine the integrity of the diaphragm and the presence of
pleural effusions.

In clinical practice, however, LUS examination should not be limited to a fixed scanning sequence.
The scan can be performed from the most convenient place based on the infant’s position during
the examination. Starting LUS scanning from the back is acceptable and easy to perform. It also
avoids interference from the heart and the large vessels. Further scanning in other areas of the
lungs must be performed in any infant with high suspicion of a pulmonary lesion in a situation
where scanning of the back reveals no abnormalities.

Occasionally, we may use the extended view (XTD-View) function. The XTD-View function can
construct an extended image from individual image frames as the operator slides the transducer
along the narrow axis of the probe. XTD-View allows the doctors to assess the interesting areas
and neighboring structures fully (Figure 4C). To do this, we should orient the transducer parallel
to the direction of transducer motion before activating the XTD-View button. It is necessary to
slide the transducer towards the notch and keep the transducer perpendicular to the ribs during
the whole scanning.

LUS has some limitations. (1) It is highly operator dependent. Therefore, it is necessary to gain
sufficient experience to fully understand the basic principles of LUS before performing
examinations. (2) Subcutaneous emphysema affects the image quality as well as accuracy of the
results, thus it may interfere with scanning. (3) The role of LUS in emphysema,
pneumomediastinum and the diagnosis of bronchopulmonary dysplasia remains uncertain. (4)
Some mild cases may be missed if the scanning is not performed carefully. (5) It was reported
that LUS has a limited value as a diagnostic tool for rare cystic lung diseases, such as
lymphangioleiomyomatosis, pulmonary Langerhans cell histiocytosis and Birt-Hogg-Dubé
syndrome’8,

Current literature offers well-designed, systematic and in depth research in the area of LUS.
Research findings have been validated and confirmed in clinical practice. Our protocol and
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guidelines have been developed after a thorough evidence-based review of the currently
available data by a panel of international experts in this field.
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the wuse, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have



tel. 617.945.9051
www.jove.com

&
1 Alewife Center #200
Cambridge, MA 02140

VISUALIZED EX

full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JOVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JOVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:

(1) Beijing Chaoyang District Maternal and Child Healthcare Hospital:

Name: Jing Liu
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. . Director,Prof.
Article Title: frectorTro
Signature: ; ;

(2)Neonatal Lungs Ultrasound Training Base, Chinese College of Critical Ultrasound
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Date:
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Rebuttal Letter

Click here to access/download;Rebuttal
Letter;Response_to_reviewer_and_editor.doc

Response to reviewer and editor[JoVE58990R1]

Editorial comments:
Changes to be made by the author(s) regarding the manuscript:

1. Please take this opportunity to thoroughly proofread the manuscript to en—

sure that there are no spelling or grammar issues.

Response:we have invited a native English speaker to revise the manuscript

carefully.

2. Please revise lines 361-363, 543-545, 587-589 to avoid previously pub-—
lished text.

Response:we have rewritten the related parts

3.Please revise the Introduction to include all of the following: a) A clear
statement of the overall goal of this method b) The rationale behind the de-
velopment and/or use of this technique c) The advantages over alternative
techniques with applicable references to previous studies d) A description of
the context of the technique in the wider body of literature e) Information
to help readers to determine whether the method is appropriate for their ap-—

plication

Response:we have revised this section and hope it is now suitable for the re-—

quirements.

4, Please include an ethics statement before the numbered protocol steps, in-—
dicating that the protocol follows the guidelines of your institution’ s hu-—

man research ethics committee.
Response:we have added this information.

5Please revise the protocol to contain only action items that direct the
reader to do something (e.g., “Do this,” “Ensure that,” etc.). The ac-
tions should be described in the imperative tense in complete sentences wher-—
ever possible. Avoid usage of phrases such as “could be,” “should be,”
and “would be” throughout the Protocol. Any text that cannot be written in

the imperative tense may be added as a “Note.” Please include all safety

L]
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procedures and use of hoods, etc. However, notes should be used sparingly and
actions should be described in the imperative tense wherever possible. Please

move the discussion about the protocol to the Discussion.
Response: we have incorporated some revisions according to the requirements.

6.Please add more details to your protocol steps. There should be enough de-
tail in each step to supplement the actions seen in the video so that viewers
can easily replicate the protocol. Please ensure you answer the “how” ques—
tion, 1i.e., how is the step performed? Alternatively, add references to pub-—
lished material specifying how to perform the protocol action. See examples

below.

Response: we have incorporated some revisions according to the requirements

7. 3.2: Please specify the effective ingredients of the special disinfection

wet wipe.
Response: we have revised this information.

83.4.2, 3.4.4 and 3.5: Please describe how to perform horizon—
tal/parallel/diaphragm scanning.

This has been revised in detail.

9.Lines 155-457: The Protocol should be made up almost entirely of discrete
steps without large paragraphs of text between sections. Please simplify the
Protocol so that individual steps contain only 2-3 actions per step and a
maximum of 4 sentences per step. Use substeps as necessary. Please move the

discussion about the protocol to the Discussion.
We have revised this section.

10. Please add a Representative Results section to describe how do results
show the technique, suggestions about how to analyze the outcome, etc. The

paragraph text should refer to all of the figures. However for figures show-—



ing the experimental set—up, please reference them in the Protocol. Data from

both successful and sub-optimal experiments can be included.
Response: we have supplemented this section.

11. Please reduce the number of figures to less than 10 by combining some

figures of small sizes.
We have incorporated these changes

12.Figures 3, 9-15: Please combine all panels of one figure into a single im—
age file. If the different panels are too big to combine, please number them

as individual figures.
We have incorporated these changes

13.Videos: Please number the videos continuously in the sequence in which you
refer to them in the manuscript text. Please also consider including some of

the videos in the supplemental files.
We have incorporated some of these changes

14Please revise the table of the essential supplies, reagents, and equipment
to include the name, company, and catalog number of all relevant materials in

separate columns in an xls/xlsx file.

We have incorporated these changes

Reviewers’ comments:

Please note that the reviewers raised some significant concerns regarding
your method and your manuscript. Please thoroughly address each concern by
revising the manuscript or addressing the comment in your rebuttal letter.
Reviewer #1: Manuscript Summary: This manuscript summarizes the main issues
on the lung ultrasound in Neonatology. Major Concerns: I don’t think that
this manuscript can be published as guideline because the best methodology to

do guideline is the GRADE methodology. This manuscript at list can be edited



as review but only after major revision. Actually the paper is too poor in

contenet to be published as review

Response: Dear reviewer, thank you for your comment. However, we disagree with this sugges-
tion for the following reasons. First, this is really a guideline because it tells readers how to per-
form the lung ultrasound and how to use ultrasound to diagnose lung diseases. Second, all the
criteria are based on long-term research results from international experts in this

field. Third , We have developed this guideline after a thorough evidence-based review of the

currently available data and included the opinions and suggestions from a panel of international
experts in this field.

Reviewer #2: Manuscript Summary:
1. Needs revision with step by step approach for Lung ultrasound
We have revised it.

2.Diagrammatic presentation — Vertical / Horizontal / Diaphragm scanning 3.

Training component should be written in a proper way. Reviewer

Thank you very much. Please note we have incorporated the related revisions.

Reviewer #3: Guidelines are well written and done following an optimal crite—
ria. based on a consensus of experts. This work can be accepted as it is.

Many thanks for this kindly and positive comment.
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