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Abstract: Lung diseases in neonates can be life-threatening condition and may result in respiratory failure

and death. Chest X-ray is a traditional diagnostic technique that results in radiation exposure to patients.

Lung ultrasound is a user-friendly imaging technique that has been increasingly used in clinical practice in

recent years and presents the advantages of real-time imaging and without radiation. Here we review the

sonographic appearances of common neonatal lung diseases and present demonstration of typical cases.
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Introduction

Lung disease is the most common cause of neonatal
respiratory distress, which can result in respiratory failure
and death in severe cases. In the United States, the mortality
of neonatal respiratory failure is approximately 11%, and the
rate can go up to 32% in China (1,2). Thus, identification of
the etiology of lung disease is important for neonatologists.
Traditionally, chest X-ray has been considered as the most
valuable imaging modality for the diagnosis of lung diseases,
but it unavoidably causes radiation damage to the patient.
Neonates are susceptible to radiation because they have
rapidly dividing cells that cannot repair mutated DNA.
According to one study, the risk of cancer induction in
infants receiving a single small dose of radiation is 2-3 times
higher than the average population and 6-9 times higher
than the risk from an exposure of a 60-year-old patient (3).
In recent years, a new imaging application has been
introduced in clinical practice—lung ultrasound. Several
studies have demonstrated that lung ultrasound is an accurate
and reliable technique for the diagnosis of neonatal lung
diseases (4,5). Other advantages of lung ultrasound include
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that it is non-ionizing, easy to operate, and the imaging is
performed in real-time, thus making it as a potential tool
to be used in neonatal intensive care units (NICUs). In this
paper, we will introduce the current state of knowledge
about neonatal lung ultrasound, show the imaging of typical
cases and provide a very good starting point for residents or
novices to get a better understanding of lung ultrasound.

Lung ultrasound technique

All diagnostic ultrasound methods are based on the principle
that ultrasound is reflected by an interface between media
with different acoustic impedance (6). Ultrasound is limited
in normal aerated lungs because no acoustic mismatch
occurs in the ultrasound beam when it encounters air (7).
The pleural line and repetitive hyperechoic horizontal lines
(A-lines) can be visualized by ultrasound. The pleural line
is a smooth and regular hyperechoic line that moves to-
and-fro during respiration, which is called lung sliding (8).
The A-lines are a series of parallel lines at regular intervals
below the pleural line. They represent the large change
in acoustic impedance at the pleura-lung interface and
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Figure 1 Ultrasound signs of the lungs. (A) A-line in a normal lung ultrasound image; (B) sonographic appearance of B-lines; (C)

sonographic appearance of compact B-lines known as white lung; (D) subpleural lung consolidation with air bronchograms.

generate horizontal artifacts (Figure 1A4) (9). When the
air content decreases, i.e., subpleural interstitial edema,
the ultrasound beam generates an acoustic mismatch
between the fluid interfaces surrounded by air and reflects
repeatedly at the deeper zones (10). This phenomenon
creates vertical reverberation artifacts called B-lines. B-lines
are hyperechoic, laser-like images that originate from the
pleural line and reach the edge of the screen, moving with
respiration (Figure 1B) (9). B-lines are correlated with
lung interstitial fluid content, and their number increases
with decreasing air content. Multiple B-lines indicate
alveolar-interstitial syndrome, which has been confirmed in
several studies by clinical and radiologic diagnoses (11,12).
Evidence of compact B-lines in lung fields implies a severe
alveolar-interstitial syndrome, known as “white lung”
(Figure 1C). When the air content further decreases, i.e.,
lung consolidation, lung parenchyma is directly visualized
by opening an acoustic window on the lung (7). Lung
consolidation is described as a region of hypoechoic, poorly
defined or wedge-shaped borders. The presence of air
bronchogram or vascular pattern may help to identify the
etiology of the consolidation (Figure 1D) (13).

For the relatively thinner chest walls and smaller thoraxes
in neonates, a high frequency linear probe is preferred,
which enables better image quality and allows the entire
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surface of the lungs to be visualized. Lung ultrasound is
performed in a supine, lateral or prone position in neonates.
Each hemithorax is divided into anterior, lateral, and
posterior regions by the anterior and posterior axillary lines,
longitudinal and transverse scans are performed in all areas.

Clinical applications
Respiratory distress syndrome (RDS)

RDS, also known as hyaline membrane disease, is a major
cause of neonatal mortality. It mainly occurs in preterm
infants and correlates with structural and functional lung
immaturity. Published data have shown that approximately
70% of cases occur in infants at less than 28 weeks of
gestation, whereas 15-30% of cases occur in infants between
32 to 36 weeks of gestation (14). Pulmonary surfactant
deficiency is an important pathogenesis of RDS. Surfactant
is a phospholipid mixture produced by type II pneumocytes
that enables a decrease in alveolar surface tension to support
breathing. Immature alveolar cells produce less surfactant,
resulting in poor gas exchange and alveoli collapse. Infants
with RDS show signs of respiratory distress after birth or
within 4-6 hours and usually require mechanical ventilation.

The ultrasonic features of RDS are compact B-lines
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Figure 2 An infant was born by vaginal delivery at gestation age 30 weeks with birth weight of 1,120 g, who was diagnosed with respiratory

distress syndrome. (A) A chest X-ray reveals homogenous opaque infiltrates, indicating RDS (grade II); (B) ultrasound shows lung

consolidations and white lung appearance.

Figure 3 An infant was born by vaginal delivery at gestation age 34" weeks with birth weight of 2,000 g, who was diagnosed with respiratory

distress syndrome. (A) A chest X-ray reveals a ground-glass appearance in the right lung; (B) ultrasound shows A-lines in the left lung field; (C)

in the right lung field, ultrasound shows multiple consolidations with air bronchograms and abnormality of the pleural line, which suggests

RDS. RDS, respiratory distress syndrome.

with an echographic white lung appearance, the presence
of a thickened and irregular pleural line, and multiple
subpleural lung consolidations indicating alveolar collapse
(Figure 2). These signs were confirmed by Copetti et al. to
have sensitivity and specificity of 100% for the diagnosis
of RDS (15). Vergine er al. enrolled 59 neonates with
clinically suspected respiratory distress, and 23 of them
were diagnosed as RDS. The sensitivity and specificity of
lung ultrasound for the diagnosis of RDS were 95.6% and
94.4%, respectively, which were higher than those of chest
X-ray (91.3% and 84.2%, respectively) (16).

Sonographic appearance of RDS is not always
symmetrically, not only inconsistent in bilateral lung but
also varied between the different lung fields on the same
side (Figure 3). In neonates, due to their continuous supine
position, lung consolidations and compact B-lines are often
presented at the posterior areas, which may be associated
with reduced ventilation in these areas (17). Therefore,
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it is necessary to strengthen the scanning of the posterior
areas. The administration of surfactant rapidly and
effectively improves chest X-ray images of RDS patients by
increasing lung aeration. However, the clinical conditions
of patients are not always equally improved and may require
maintenance of mechanical ventilation for several days.
Similarly, lung ultrasound shows persistent compact B-lines
that do not substantially change within the first 48 hours or
even in the following days (15). Surfactant administration
did not improve lung fluid clearance in experiments on
preterm rabbits. Persistent compact B-lines reflect the
impairment of lung fluid clearance and may be associated
with interstitial immaturity in preterm neonates (18).

Transient tachypnea of the newborn (TTN)

['TN or “wet lung” is the most common cause of neonatal
respiratory distress. This disorder is a benign condition,
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Figure 4 An infant was born by vaginal delivery at gestation age 36" weeks with birth weight of 2,520 g, who was diagnosed with transient

tachypnea of the newborn. (A) A chest X-ray reveals perihilar streaking; (B) ultrasound shows a double lung point, which suggests TTN.

['TN, transient tachypnea of the newborn.

caused by the delayed clearance of fetal lung fluid. The
fetal lungs are filled with fluid before birth, a fraction of
the fluid is removed by the vaginal squeezing of the thorax
during delivery, and the remaining fluid is transported to
the interstitial space by lung epithelial sodium channels
(ENaC), followed by removal via pulmonary circulation
and the lymphatic system (19). Elective cesarean section
and immature gestational age have been confirmed as the
main risk factors for T'TN, which may be associated with
the diminished activity or immaturity of ENaC (20). Most
infants with T'TN present mild or transient respiratory
distress and usually rapidly improve within 24 hours but in
some cases may persist for several days.

The main characteristic of TTN is pulmonary edema,
which primarily presents as double lung points, alveolar
interstitial syndrome or white lung. The pleural line is
normal, well-defined and regular in bilateral lungs. The
double lung point is a demarcation point for echogenic
differences in the lung field. Ultrasound images show
compact B-lines in the inferior lung field and rare B-lines in
the superior lung field (Figure 4). In the past, the presence
of a double lung point exhibited 100% sensitivity and
specificity for the diagnosis of TTN (21). However, a large
sample study found that the double lung point exhibited
only 45.6% sensitivity, 95.8% specificity for TTN. Mild
TTN primarily manifested as double lung point or alveolar
interstitial syndrome, whereas severe T'TN presented as
white lung. Additionally, the double lung point also appears
during the recovery period of diseases, such as severe TTN,
RDS, and pneumonia (22). T'TN diagnosis remains a
source of confusion for clinicians because patients present
respiratory distress in the early stages, which is difficult
to distinguish between RDS. Secondly, X-ray has a low
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sensitivity and specificity in the detection of pulmonary
edema. One study indicated only 48% agreement in the
diagnosis of TTN between clinicians and radiologists
compared with 95% agreement for RDS (23). Lung
ultrasound enables the detection of pulmonary edema
and thus can effectively diagnose TTN (Figures 5,6). In a
prospective cohort study of 59 neonates with respiratory
distress, Vergina er a/. identified that the sensitivity and
specificity of lung ultrasound for TTN were 93.3% and
96.5%, which were higher than 89.4% and 91.3% for X-ray,
respectively (16). Thus, current evidence on lung ultrasound
for the diagnosis of TTN is accurate and reliable.

Pneumonia

Pneumonia carries the greatest risk of death during the
neonatal period and it is responsible for approximately 0.75—
1.2 million neonatal deaths per year, accounting for 10%
of global child mortality (24). The pathogens associated
with neonatal pneumonia include numerous bacteria, fungi
and viruses, which may be acquired by intrauterine or
postpartum, e.g., via maternal chorioamnionitis, inhalation
of infected amniotic fluid or cross-contamination (25).
These pathogens may cause airway epithelial injury, protein
fluid leakage and alveolar interstitial edema. The clinical
signs of neonatal pneumonia are nonspecific and presented
as respiratory distress, which is often difficult to distinguish
from RDS and TTN. Clinical information and laboratory
investigations may be helpful for distinguishing pneumonia.

The ultrasonographic findings of pneumonia in child
include lung consolidation with irregular margins and
surrounding multiple B-lines. The pleural line is not visible
in the area, and lung sliding is absent (Figure 7). Dynamic
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Figure 5 An infant was born by cesarean section at gestation age 317 weeks with birth weight of 1,960 g, who treated nasal continuous

positive airway pressure for 4 days and the final clinical diagnosis was TTN. (A) A chest X-ray shows a normal lung appearance; (B,C)

ultrasound show a lung point in the right lung field and alveolar interstitial syndrome in the left lung field, suggesting TTN, which was

consistent with clinical diagnosis. TTN, transient tachypnea of the newborn.

Figure 6 An infant was born by cesarean section at gestation age 34" weeks with birth weight of 2,690 g, who was treated nasal continuous

positive airway pressure for 5 days and the final clinical diagnosis was TTN. (A) A chest X-ray shows RDS (grade II); (B,C) ultrasound show

alveolar interstitial syndrome in the right lung field and white lung in the left lung field, suggesting T'TN, which was consistent with clinical

diagnosis. TTN, transient tachypnea of the newborn.

air bronchograms (branch structures) are visible in large
consolidations and represent bronchial patency, which
excludes atelectasis (26). Few studies have reported the
role of ultrasound in the detection of neonatal pneumonia.
Liu et al. studied lung ultrasound in 40 neonates with
radiological and clinical histories of pneumonia and 40
without lung disease. The ultrasound signs included
large areas of lung consolidation with air bronchograms,
pleural line abnormalities, and interstitial syndrome. The
authors concluded that lung ultrasound is a reliable tool for
diagnosing neonatal pneumonia and it is suitable for routine
use in the NICU (27). A meta-analysis of eight studies
found that the sensitivity and specificity were 96% and 93 %,
respectively, for the diagnosis of childhood pneumonia.
Thus, lung ultrasound may be used as an imaging
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alternative for the diagnosis of childhood pneumonia (28).
However, there was a certain degree of limitation due to the
low sensitivity of lung ultrasound for detecting pneumonia
in perihilar area (29,30).

Meconium aspiration syndrome (VMAS)

The inhalation of meconium-stained amniotic fluid during
parturition in infants may result in MAS, particularly in
the term or post-term infants. Meconium is a green viscous
substance normally stored in the fetal intestines. When the
fetus suffers from hypoxia, acidemia, or infection, it may
trigger meconium passage (31). Meconium can cause airway
obstruction, surfactant dysfunction, chemical pneumonitis
and secondary infection. Airway obstruction has been
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Figure 7 An infant was born by cesarean section at gestation age 34" weeks with birth weight of 1,800 g, who was diagnosed with

pneumonia. (A) A chest X-ray reveals patchy infiltrates in both lung fields; (B,C) ultrasound show multiple irregular consolidations with air

bronchograms in both lungs; combined with the patient’s white cell count and C-reactive protein level, these findings suggest pneumonia.

considered to be the primary mechanism of MAS, which
can lead to ventilation/perfusion mismatch and air leak (32).
Infants with MAS show signs of yellowish or greenish
meconium staining on the skin, umbilical cord and nails,
and respiratory distress may occur immediately after birth.
MAS is regarded as a specific type of pneumonia, its
ultrasonographic appearances are similar to pneumonia,
manifests as irregular subpleural consolidations and
coalescent B-lines, and the consolidation distribution may be
more evident on one side (33). Piastra ez 4. conducted a study
of 6 neonates with MAS of variable severity using different
ultrasound probes. The findings showed that ultrasound signs
of coalescent or sparse B-lines, consolidations, atelectasis and
bronchograms, which were corresponded well with X-ray
findings (34). Similar ultrasonographic characteristics were
also found in a study by Liu et 4/, which concluded that
lung ultrasound is an accurate, reliable, convenient and non-

invasive method to diagnose MAS (35).

Bronchopulmonary dysplasia (BPD)

BPD is a common complication related to preterm delivery,
with high mortality and long-term morbidity. It mainly
occurs in infants with a gestational age less than 28 weeks
and birth weights below the median (36). Aberrant and
arrested pulmonary development is the predominant
characteristics of BPD, its factors involved structurally and
biochemically immature lung, infection, oxidant injury,
and poor nutrition (37). BPD is a common complication
of RDS, and exhibits a high incidence in surviving infants
with RDS. These patients often require long-term
oxygen therapy and may experience lifelong alterations in
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cardiopulmonary function.

In BPD, coalescent B-lines are non-homogeneously
distributed and always accompanied with multiple different-
sized subpleural consolidations, as well as thickened
pleural lines (Figures 8,9) (33). These ultrasonographic
changes usually occur in infants with RDS who have
been treated for serval weeks. Previous studies have
shown that a transabdominal probe can be used to detect
retrodiaphragmatic hyperechogenicity to predict the
development of BPD (38,39). However, this method was
not adopted in later study because it is difficult to observe
the changes in subpleural consolidation and abnormal
pleural line.

Atelectasis

Atelectasis is a collapse of the lung parenchyma that results
in lack of gas exchange and loss of volume in lung. It is an
underlying disease that may be associated with a variety of
pulmonary disorders, rather than the disease per se. The
mechanisms of atelectasis can be divided into three types:
(I) airway obstruction; (II) compression of parenchyma by
intrathoracic or extrathoracic factors; and (III) increased
surface tension in alveoli and bronchioli (40). Airway
obstruction (e.g., mucus plug or meconium) is the main
cause of atelectasis in infants. As the airways in infants are
relatively narrow, obstruction leads to gas being trapped
in the distal airway and absorbed by the blood that flows
through the region of the lung, producing alveolar hypoxia
and collapse. In addition, the incidence of right upper lobe
atelectasis in mechanically ventilated infants may be related
to the traumatic damage to the mucosa of the right sided
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Figure 8 An infant was born by cesarean section at gestation age 27" weeks with birth weight of 1,075 g, who was diagnosed with

bronchopulmonary dysplasia. (A,B) Ultrasound show multiple consolidations and non-homogeneously distributed B-lines in both lungs;

combined with the patient’s requirement for long-term oxygen supplementation, these findings suggest BPD; (C) a chest X-ray reveals

patchy, and streaky shadowing; (D) a chest CT scan confirms BPD. BPD, bronchopulmonary dysplasia.

Figure 9 An infant was born cesarean section by at GA 25" weeks with birth weight of 1,030 g, who was diagnosed with bronchopulmonary

dysplasia. (A) A chest X-ray reveals patchy and streaky shadowing; (B,C) ultrasound show multiple consolidations and non-homogeneously

B-lines in both lungs; combined with long-term oxygen supplementation in patient, suggesting BPD. BPD, bronchopulmonary dysplasia.

bronchi (41).

The ultrasonographic features of atelectasis include
large lung consolidation with well-defined borders,
pleural line abnormalities, and the absence of lung sliding
(Figure 10). A study by Liu et al. evaluated the usefulness of
lung ultrasound in the diagnosis of neonatal atelectasis and

compared it with chest X-ray. The findings showed that the
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sensitivity of ultrasound and chest X-ray were 100% and
75%, respectively. Cases of atelectasis that were not detected
by chest X-ray were eventually confirmed by CT (42).
In another study, Acosta et al. investigated the accuracy
of lung ultrasound in the diagnosis of anesthesia-induced
atelectasis in children using MRI as reference. Lung
ultrasound exhibited 88% sensitivity, 89% specificity, and
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Figure 10 An infant was born by cesarean section at gestation age 28" weeks with birth weight of 1,010 g, who was diagnosed with

atelectasis. (A) A chest X-ray reveals atelectasis in the right upper lung; (B,C) ultrasound show large consolidations with clearly borders in

the anterior and posterior regions of the upper right lung.

Figure 11 An infant was born by cesarean section at gestation age 36" weeks with birth weight of 2,350 g, who was diagnosed with

pneumothorax. (A) A chest X-ray reveals pneumothorax on the left side, with approximately 70% compression; (B) ultrasound shows the

specific sign of a lung point, which suggests pneumothorax; B-lines are absent in the upper lung field, and compact B-lines are present in the

lower lung field.

88% accuracy for the detection of atelectasis (43). Thus,
lung ultrasound is an accurate, reliable, and simple bedside
method for diagnosing atelectasis.

Pneumothorax

Pneumothorax refers to air that accumulates in the
pleural space and exerts pressure to collapse the lung. The
incidence of pneumothorax in neonates is only 1-2%,
however the rate may be as high as 30% in patients with
underlying lung diseases or mechanical ventilation (44).
According to the cause of the pneumothorax, it can be
categorized as spontaneous, tension, or traumatic. Neonatal
spontaneous pneumothorax tends to occur in clinical
situations, such as aspiration of meconium or amniotic
fluid. Airway obstruction creates the ball-valve effect and
pressure increased can lead to alveolar rupture. Tension
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pneumothorax mainly occurs in neonates receiving
mechanical ventilation and may be associated with disease,
improper suctioning techniques, or birth trauma (45).
Ultrasound images of pneumothorax exhibit the absence
of lung sliding, absence of B-lines, and presence of a lung
point (Figure 11). The absence of lung sliding and B-lines
is caused by air accumulation in the pleural cavity, resulting
in a lack of movement of the visceral pleura. The lung point
is a specific sign of pneumothorax, the appearance of a
normal lung pattern is replaced by a pneumothorax pattern
in a particular location on the chest wall (46). It is worth
noting that the lung point may be missing in patients with
severe pneumothorax. Raimondi e /. conducted a study to
evaluate the accuracy of lung ultrasound for the detection of
pneumothorax. The study enrolled 42 infants in six centers;
pneumothorax was detected in 26 infants. Lung ultrasound
had sensitivity, specificity, positive predictive value and
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Timi f
Cause Etiology mmg © Clinical presentation Chest X-ray Lung ultrasound
delivery
RDS Surfactant Preterm  Severe signs of Ground glass shadowing White lung, pleural line
deficiency respiratory distress, many  (homogenous infiltrates abnormality, consolidations
cases require respiratory and air bronchograms) (49) (15)
support with mechanical
ventilation
TTN Delayed clearance  Any Self-limiting disorders “Wet silhouette” around Double lung point,
of lung fluid Mild to moderate signs of the heart, intralobar fluid alveolar- interstitial
respiratory distress accumulation (49) syndrome or white lung (22)
Pneumonia Infection Any Non-specific, white cell Patchy shadowing with or  Irregular consolidations, air
counts, C-reactive protein  without pleural effusion (49) bronchograms
and blood cultures may iden-
tify
MAS Aspirated Term or Meconium stained amniotic Patchy shadowing Similar findings to
meconium post-term fluid, skin, umbilical cord and pneumonia
nails
BPD Lung and bronchial Preterm Long-term oxygen therapy  Diffuse interstitial Multiple consolidations,
dysplasia (37) shadowing, mild to non-homogeneously
moderate hyperinflation of thecoalescent B-lines, pleural
lungs (50) line abnormality (33)
Atelectasis Airway obstruction  Any Non-specific Pulmonary opacification Large consolidations with
(40) with corresponding clear border
volume loss or ipsilateral
mediastinal shift
Pneumothorax Spontaneously or  Any Non-specific Compression of the lung Absence of B-lines and lung

secondary conditions

sliding, presence of lung
point (46)

RDS, respiratory distress syndrome; TTN, transient tachypnea of the newborn; MAS, meconium aspiration syndrome; BPD,

bronchopulmonary dysplasia.

negative predictive value of 100% for the diagnosis of
pneumothorax (47). Cattarossi et a/. conducted a study to
compare the sensitivity and specificity for pneumothorax
diagnosis in neonates using three imaging techniques.
The study showed that the sensitivity and specificity were
100% for lung ultrasound, 96% and 100% for chest X-ray,
and 87% and 96% for chest transillumination. Thus, the
authors concluded that lung ultrasound is as accurate as
X-ray for the diagnosis of pneumothorax (48).

Neonatal lung diseases often cause confusion for
clinicians due to the non-specific of respiratory distress in
patients. Lung ultrasound is a new tool for detecting lung
diseases in clinical practice and exhibits high sensitivity and
specificity. However, lung ultrasound is suggested not to
be performed in isolation; it should be combined with the
clinical findings of patients. In addition, it should be kept
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in mind that lung ultrasound has a limitation in evaluating
the consolidation not in contact with the pleura. Table 1
summarizes the clinical findings in various types of neonatal
lung disease, as well as the features of chest X-ray and lung
ultrasound.

Otber applications

At present, lung ultrasound is not only used for the diagnosis
of neonatal lung diseases but also plays a positive role in
real-time monitoring and assessment. Sameshima ez a/.
reported a case of a 3-month-old infant who achieved
lung recruitment with positive end-expiratory pressure
under real-time ultrasound guidance, thereby avoiding
ionizing radiation injury by CT (51). Liu er /. performed
bronchoalveolar lavage in 57 neonates with atelectasis under
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ultrasound monitoring, and the results indicated that the
total effective rate of was 93%. The authors concluded that
lung ultrasound can be an effective method for clinically
monitoring bronchoalveolar lavage in neonates (52). Studies
by Raimondi er 4/. used three simple ultrasound patterns
(white lung, B-lines, and A-lines) to monitor fluid clearance
and respiratory adaptation in neonates, and the results
indicated that lung ultrasound was useful in predicting
the need for respiratory support (53). Based on the above
pattern, Brat ez 4/. further incorporated lung consolidation
into examinations and assigned a score to each pattern. The
study showed that the lung ultrasound score was significantly
correlated with the oxygenation status in neonates and
showed good reliability for predicting the need for surfactant
administration in premature infants (54). Lung ultrasound
provides valuable real-time information, which makes it

particularly promising for further applications in NICUs.

Conclusions

In recent years, neonatal lung ultrasound has been widely
used in clinical practice. Ultrasound findings combined with
clinical information are useful for the diagnosis of neonatal
lung diseases. In addition, lung ultrasound is a safe, low-
cost, and easy to operate tool that can be repeatedly and
rapidly performed at the bedside without anesthetic drugs.
Given all its advantages, lung ultrasound is worthy of
clinical application and promotion.
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