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Abstract

Lung ultrasound has emerged as a transformative imaging modality in neonatal and pediatric pulmonary care, offering a
radiation-free, bedside, and versatile tool that complements traditional chest radiography. Despite its recognized value in
the detection, monitoring, and management of various conditions in neonatal and pediatric intensive care units, the routine
application of lung ultrasound for monitoring pneumonia remains underutilized by radiologists. In recent years, lung ultra-
sound has demonstrated its effectiveness in monitoring disease progression without the need for repeated chest computed
tomography scans, particularly in cases of complicated pneumonia. This essay reviews the fundamental principles, key
sonographic patterns, and essential applications of lung ultrasound in neonatal and pediatric intensive care units. Case-based
experiences are shared to illustrate how lung ultrasound is shaping clinical decision-making and redefining best practices in
pulmonary care by minimizing invasive procedures and reducing radiation exposure.
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Introduction used sonographic examinations. While lung ultrasound has

long been used in intensive care units [1, 2], its promi-

Chest radiography remains the traditional first-choice
method for diagnosing lung diseases in children. It is well
known that air interrupts the path of the ultrasound beam
and generates multiple reverberation artifacts. This limita-
tion has delayed and restricted the adoption of lung ultra-
sonography for many years compared to other routinely
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nence has increased during the COVID-19 pandemic, dem-
onstrating effectiveness in assessing and monitoring the
aeration patterns of the lung parenchyma in both children
and adults affected by the virus [3-5].

The classic indication for chest ultrasound is the evalua-
tion of pleural effusions, allowing for sonographic-guided
thoracentesis when necessary. Nowadays, there is a wide
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range of possible applications for diseases affecting the
peripheral lung parenchyma, pleura, and chest wall,
addressing the need to reduce ionizing radiation exposure
in neonates and children (following the as low as reason-
ably achievable (ALARA) and Image Gently principles)
[6]. Ultrasound is a safe imaging solution as it is free of
ionizing radiation and can be performed at the bedside,
thus eliminating the need for patient transportation or sta-
bilization, an important advantage over computed tomog-
raphy (CT). Furthermore, ultrasound is a cost-effective and
readily available imaging modality that provides real-time
results. Lung ultrasound is shaping clinical decision-mak-
ing and redefining best practices in pediatric pulmonary
care by minimizing invasive procedures and radiation
exposure, reserving chest CT for cases with inadequate or
unfavorable clinical progression.

Choosing the right transducer

The selection of the appropriate transducer depends on
the age and size of the child. Three types of transducers
are most commonly used for chest ultrasound in children:

(a) Microconvex of 8~5 MHz that facilitates lung access
for intercostal spaces, subdiaphragmatic access, and
through the suprasternal notch. In case a microconvex
probe cannot be provided, a regular convex probe (5-2
MHz) will also enable a quality transabdominal (sub-
diaphragmatic) approach to the lung bases.

(b) Linear transducer of 12—7 MHZ is used to assess the
chest wall and the lung pleural interface. Irregularities
and small subpleural consolidations are better charac-
terized by using this transducer for a detailed evalua-
tion of lung parenchyma. Small areas of necrosis or
liquefaction also become more clearly defined with its
use.

(c) Convex transducer of 5-2 MHz is a lower-frequency
transducer used in older children to provide a broader
view of pleural effusion and the extent of lung involve-
ment in extensive pneumonia.

In many cases, the sick child already has a chest radiog-
raphy, which can guide the sonographic study to the affected
area. Occasionally, however, it is necessary to examine the
entire chest to identify a focus of consolidation in a sus-
pected infectious process that may not be visible on the chest
radiograph. The study usually consists of probing each inter-
costal space: anterior, lateral, and posterior, along the mid-
clavicular line, anterior and posterior axillary lines, bilater-
ally, as well as in the parasternal and paravertebral regions, if
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the patient’s clinical condition permits (see [7—10] for more
details on thoracic access description).

Fundamental concepts
for the understanding of lung ultrasound

A comprehensive understanding of specific concepts and
findings is essential for the performance of lung ultrasound.
Furthermore, adhering to established protocols and guide-
lines [11] is crucial for success, including the selection of
the probe, the child’s positioning, the examination technique,
and other nuances inherent to lung ultrasound examinations,
particularly in the context of neonatal and pediatric inten-
sive care units. Important practices include probe disinfec-
tion to prevent cross-contamination and the sterile warming
of gel. It is also essential to select the appropriate preset,
depth, and focus settings in case the lung ultrasound preset
is unavailable. Employing both transabdominal (subcostal)
and standard transthoracic approaches in conjunction can
enhance the sensitivity of lung ultrasound in recognizing
pathological findings [12].

Notably, lung ultrasound is one of the few ultrasound
applications that do not require the latest ultrasound devices,
as it relies on detecting artifacts that necessitate deactivat-
ing compound filters and harmonics [13, 14]. For additional
aspects of the protocol, see the Lung Ultrasound Consensus
Protocol and Guidelines [11].

Essential lines, signs, and clues for lung ultrasound
interpretation

(a) The pleural line is a markedly hyperechogenic continu-
ous horizontal line immediately beneath the ribs that
slides while breathing. It represents the pleura-lung
interface (Fig. 1).

(b) A-lines consist of multiple hyperechogenic horizontal
artifacts seen as a series of equidistant echogenic paral-
lel lines below the pleural line. These represent rever-
beration artifacts caused by a normal acoustic pleura-
lung interface (Fig. 2).

(c) B-lines are vertically oriented artifacts that originate at
the pleural line and extend to the bottom of the screen
without fading, moving in synchrony with the lung’s
sliding. Multiple B-lines indicate interstitial/alveolar-
interstitial processes; however, the B-line pattern alone
does not differentiate the etiology of the interstitial
abnormality (Figs. 3 and 4) [15]. The etiology may be
pulmonary edema, interstitial pneumonia, or pulmo-
nary fibrosis, among others.

(d) Lung sliding is observed from the back-and-forth move-
ment of the hyperechogenic pleural line during the res-
piratory motion [1] (Supplementary Material 1). The
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Fig. 1 Longitudinal ultrasound of the anterior left mid-chest in a
2-year-old female, performed using a linear high-frequency trans-
ducer (12-5 MHz), demonstrates the pleural line as a continuous
hyperechoic line representing the pleura-lung interface (arrows)
immediately beneath the ribs (stars), which slides during respiratory
motion

Fig.2 A-lines manifest as multiple artifactual hyperechoic equidis-
tant lines (white arrows) parallel to the pleural line (black arrows)
and are present in normal aerated lungs. This transverse ultrasound
image was obtained from the anterior region of the right mid-chest in
a 15-month-old male using a high-frequency linear transducer (12-5
MHz)

amplitude of the lung sliding is minimal at the apices
and maximal at the bases. M-mode ultrasound can
also document this sign, revealing the seashore sign.
In M-mode, the motionless chest wall is represented by
horizontal lines, while the deeper part below the pleural
line produces a sandy pattern with motion artifacts, the
seashore sign (Fig. 5).

(e) Lung pulse is the vertical movement of the pleural line
synchronous with cardiac movements transmitted by a

consolidated lung or atelectasis [16] (Supplementary
Material 2).

(f) Tissue-like sign refers to the characteristic appearance
of pulmonary consolidation, where the echogenicity
of the lung parenchyma resembles that of the liver or
spleen parenchyma [17-19] (Fig. 6).

(g) Fluid color sign is the color Doppler signal in the pleu-
ral effusion that results from transmitted respiratory and
cardiac motion (Fig. 7). Fluid color sign intensity is
inversely proportional to the viscosity of the effusion,
while more complex and septated, the signal is less
evident. Fluid color sign is helpful in distinguishing
small pleural effusions (positive fluid color sign) from
pleural thickening (absent fluid color sign) and has
demonstrated 89.2% sensitivity and 100% specificity
for detecting small pleural effusions [20].

Key indications for chest ultrasonography
in neonatal and pediatric intensive care

Originally used to assess pleural effusions, guide thora-
centesis, and evaluate opacified lung fields, ultrasonog-
raphy has become an essential tool in the intensive care
setting for examining the pulmonary parenchyma, par-
ticularly in critically ill patients. Expanding awareness
and implementing this technique can help minimize
unnecessary exposure to ionizing radiation, aligning
with ALARA and Image Gently principles. This section
outlines the key sonographic signs used in the evaluation
of pleuropulmonary diseases, with a focus on critically
ill patients.

Pneumothorax

Thoracic ultrasound is the most effective method for assess-
ing pneumothorax, as it can be performed at the bedside and
avoids unnecessary exposure to ionizing radiation. There-
fore, it can be repeated as often as necessary, which is par-
ticularly useful in emergencies. Ultrasound can also detect
small volumes of free air, making it a sensitive and specific
method for detecting a pneumothorax.

The diagnosis of pneumothorax relies on the recognition
of the presence or absence of the following four sonographic
signs [21] (Supplementary Material 3):

(a) Absence of lung sliding sign corresponds to the non-
visualization of the pleural line motion during respira-
tion [18]. It is important to note that several conditions
besides pneumothorax can also result in the absence of
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Fig.3 B-lines. a The B-lines are vertically oriented artifactual hyper-
echoic lines that originate at the pleural line (arrows), extend toward
the bottom portion of the screen, and move in synchrony with lung
sliding. The presence of multiple B-lines, as seen here, suggests
an interstitial lung process. b The coalescent fan-shaped B-lines

(arrows) correspond to the ground-glass pattern in CT. These images
are transverse views of the posterior left midthoracic region of a
15-month-old male obtained using an 8—5 MHz microconvex trans-
ducer

el Ll

Fig.4 Origin of well-defined and coalescent B-lines. Image of the
anteroinferior region of the right lung in a newborn female, obtained
using a high-frequency linear transducer (12 MHz), shows (a) well-
defined B-lines (blue arrows) and coalescent B-lines (yellow arrows);
(b) superimposed drawings clarifying the origin of these B-lines,
with well-defined B-lines being artifacts resulting from the thickening

lung sliding sign, e.g., atelectasis, pleural adhesions,
acute respiratory distress syndrome, phrenic nerve
palsy, cardiopulmonary arrest, and apnea [17]. Addi-
tionally, the lung sliding sign may be absent in cases of
selective intubation or lung hyperinflation, such as in
the case of foreign body aspiration [22, 23]. Therefore,
other signs must also be evaluated to ensure an accurate
diagnosis.

(b) Absence of B-lines—the visualization of B-lines
strongly indicates the absence of pneumothorax
(Fig. 8). However, the absence of B-lines does not
necessarily indicate the presence of pneumothorax
[17,24].

(c) Presence of lung point—the lung point represents the
transition point between pneumothorax and preserved
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of the interlobular septa (blue arrows) and coalescent B-lines result-
ing from the thickened intralobular interstitium (yellow arrows) with
some small intra-alveolar components; and (c¢) the positions of the
well-defined B-lines (blue lines) and the coalescent B-lines (parallel
yellow lines)

lung sliding sign, indicating partial pneumothorax
(Fig. 9). The lung point sign confirms partial pneumo-
thorax with 100% specificity [17, 25]. However, this
sign will be absent in the case of total lung collapse.

(d) Absence of lung pulse—the visualization of lung pulse
rules out pneumothorax in a consolidated lung.

The sonographic diagnosis of pneumothorax is made
after carefully evaluating all four signs. Some authors still
consider the accentuation of A-lines (see Fig. 8) as another
sign of pneumothorax when associated with the previously
mentioned findings.

M-mode can also demonstrate pneumothorax as a strat-
osphere/barcode sign representing the loss of the normal
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Fig.5 Seashore sign. a The seashore sign is the pattern obtained with
M-mode, where the normal lung sliding manifests as a sandy/granu-
lar pattern (white stars) below the hyperechoic line representing the
pleural line (white arrows in a and b). b B-mode axial view through

Fig.6 Tissue-like sign. The consolidated lung parenchyma (black
arrow) shows a similar echogenicity to that of the liver (star) or
spleen parenchyma. The diaphragm (white arrow) separates the con-
solidated lung from the liver. This image presents a longitudinal view
of the right lung base of an 11-year-old male using a 5-2 MHz con-
vex transducer

seashore sign (Fig. 9). Only the motionless chest wall com-
ponents, represented by horizontal lines, are seen without
the sandy component of lung motion due to pneumothorax.

Bedside chest ultrasonography in emergency cases,
such as cardiac arrest or unstable patients, can significantly
expedite diagnosis and facilitate appropriate therapeutic

the anterior region of the right mid-chest in a 1-year-8-month-old
male obtained using a high-frequency linear transducer (12-5 MHz).
The white vertical line indicates the level at which the M-mode image
was obtained

measures, such as intubation and drainage of the pneumo-
thorax [21].

Respiratory distress syndrome

Before 2010, the diagnosis of respiratory distress syndrome
(RDS) was primarily achieved through chest radiography,
with only a few studies using ultrasound as a diagnostic tool
for this prevalent form of respiratory failure in preterm neo-
nates [26-28].

A comparison between chest radiography and lung ultra-
sound in patients with RDS significantly favors lung ultra-
sound as a highly sensitive method for evaluating neonatal
lungs [29].

RDS is characterized by alveolar collapse associated with
interstitial edema due to insufficient surfactant production
in premature newborns. The ultrasound examination shows
an abnormal pleural line, absence of A-lines, and multiple
coalescing B-lines due to interstitial or alveolar-interstitial
edema, resulting in a sonographically white lung, with pos-
sible lung consolidation(s). After exogenous surfactant
administration, this sonographic pathological pattern may
not change immediately, as alveolar expansion occurs before
the resolution of interstitial extravascular fluid. However,
prompt improvement of pathological lung ultrasound find-
ings has been reported [30]. Signs of improvement in lung
aeration after surfactant treatment include (i) reduction in
lung consolidation, (ii) reduction of B-lines, and (iii) appear-
ance of A-lines (Fig. 10).

In 2008, Copetti et al. reported 100% sensitivity and spec-
ificity in diagnosing RDS with the presence of sonographic
white lung (compact B-lines), pleural line abnormalities, and
the absence of spared areas [28]. However, lung ultrasound
findings depend on the grade/stage of RDS, which results
in a broad spectrum of pathological patterns [12]. Because
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Fig.7 Color Doppler images
depicting the fluid color sign in
the pleural space fluid, resulting
from respiratory motion and
cardiac pulsation. These images
were obtained by transverse
scanning the left lateral basal
hemithorax in a 12-year-old
male using a high-frequency
linear transducer (12-5 MHz).
The study of fluid color sign
aids in differentiating minimal
pleural effusion from pleural
thickening

Fig.8 A 3-day-old preterm male neonate, with respiratory distress
syndrome and a small left pneumothorax. a The chest radiograph
reveals, among other findings, a small left apical pneumothorax
(arrow). b Transverse ultrasound image obtained with a 12-5 MHz
high-frequency linear transducer of the left upper hemithorax shows

classic signs of pneumothorax, including accentuation of A-lines
(arrows) and absence of B-lines. ¢ The subsequent transverse scan of
the right anterior mid-chest revealed normal appearing A-lines (white
arrows), indicating improvement in the aeration pattern along with
the presence of a few B-lines (black arrows)

Fig.9 Lung point and stratosphere/barcode sign of pneumothorax on
M-mode ultrasound. a A longitudinal M-mode image of the left lat-
eral lower hemithorax of a 20-month-old male using a high-frequency
linear transducer (12-5 MHz) shows parallel horizontal lines (white
star) representing the absence of lung motion due to the pneumotho-
rax. Below this point, (b) one can observe the seashore sign (black
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star) with the sandy pattern of lung sliding. The white vertical lines
in the upper parts of the images in (a) and (b) show the level at which
the M-mode images were obtained on B-mode. ¢ Chest radiograph
reveals a large left pneumothorax, with the white arrow indicating
the location of the lung point, which is also indicated by the vertical
white arrows on ultrasound images (a) and (b)
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sonographic signs of interstitial edema occur before changes
in PaO2/FiO2, lung ultrasound at birth can detect neonates
with RDS before clinical deterioration, assisting in clinical
decision-making for early surfactant administration.

The persistence of interstitial edema signs may indicate
potential interlobular septal fibrosis and subsequent bron-
chopulmonary dysplasia [31]. Therefore, lung ultrasound is
also helpful in monitoring treatment and prognosis.

Transient tachypnea of the newborn

In transient tachypnea of the newborn, lung ultrasound
images reveal a “wet lung” appearance due to exces-
sive bronchial secretions and incomplete absorption
of fetal lung fluid. This condition is characterized by
pulmonary capillary congestion with interstitial edema
and is more prevalent in infants born via cesarean sec-
tion, particularly those delivered before the onset of
labor [32].

A typical finding of transient tachypnea of the new-
born is the double lung point, which represents the inter-
face between the upper lung fields with normal aeration
(A-lines) and the basal lung fields that still exhibit inter-
stitial edema (coalescent B-lines) (Fig. 11).

/

Fig. 10 Premature female newborn with RDS at the 4th hour of
life. a Chest radiograph depicts typical findings of RDS, including
hypoexpanded lungs with fine reticulation and scattered hazy opaci-
ties. b The transverse lung ultrasound image obtained using a high-
frequency linear transducer (12-5 MHz), in the precordial region
(H is the heart), shows an irregular pleural line, absence of A-lines,
and subpleural lung consolidation with air bronchograms (encircled

Until recently, the double lung point sign was
thought to be specific to transient tachypnea of the
newborn and considered its pathognomonic feature.
However, recent extensive studies have shown that this
sign is also seen in other conditions, such as during the
recovery period of severe RDS, meconium aspiration
syndrome, and pneumonia. The sensitivity for detecting
transient tachypnea of the newborn ranges from 34.1%
to 100%, with high specificity ranging from 94.8% to
100% [33, 34].

Meconium aspiration syndrome

In lung ultrasound, meconium aspiration syndrome mani-
fests as subpleural consolidation with air bronchograms,
varying amounts of B-lines, pleural abnormalities, and rarely
pleural effusion. Therefore, distinguishing meconium aspira-
tion syndrome from pneumonia can be challenging without
clinical and laboratory correlation [11].

Consolidation

When the alveolar air is replaced by fluid, the lung con-
solidates. On ultrasound, the consolidated lung appears as a

area). ¢ Three days later, after surfactant administration, an improve-
ment in the lung aeration pattern was observed with better lung
expansion on chest radiograph. d Lung ultrasound performed later
the same day confirmed the chest radiographic findings, showing
improvement in lung aeration with the appearance of some A-lines
(white arrows) and a few B-lines (black arrows), proving the effec-
tiveness of treatment
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Fig. 11 Full-term newborn female with respiratory distress. a Lon-
gitudinal image of the right mid-lateral chest using a high-frequency
linear transducer (12-5 MHz) and (b) longitudinal scan of the left
mid-lateral chest also using a high-frequency linear transducer (12-5

solid tissue similar to the liver, hence called hepatization or
tissue-like sign (see Fig. 6), depending on the degree of air
loss replaced by fluid.

Pneumonia

The detection of pneumonia is a well-known application of
lung ultrasound. However, distinguishing between bacterial
and viral pneumonia presents a challenge. Some authors have
claimed that a consolidative process larger than 20 mm favors
bacterial pneumonia. A single focal area of consolidation is
also suggestive of bacterial pneumonia. In contrast, multiple
small consolidations suggest viral pneumonia [35, 36]. B-lines
often accompany lung consolidations in both bacterial and
viral pneumonia. However, the most significant limitation of
all studies is the lack of a gold-standard diagnostic test.

Common ultrasound findings of viral pneumonia include
multifocal, coalescent B-lines (ground-glass pattern), mul-
tifocal small subpleural consolidations, irregularity and
thickening of the pleural line, while pleural effusion is rare
(Fig. 12).

In SARS-CoV-2 pneumonia, lung ultrasound primarily
shows multifocal separate and coalescent B-lines (ground-
glass pattern), as well as multifocal small subpleural con-
solidations (predominantly <1 cm), and irregularity and
thickening of the pleural line, with pleural effusion being
rare (Fig. 13) [37, 38].

In the congestive stage of pneumonia, a consolidated lung
exhibits an echotexture similar to that of the liver or spleen
by ultrasound (i.e., hepatization or tissue-like sign), with air
bronchograms presenting as echogenic branching opacities
(Fig. 14) [39]. The dynamic air bronchogram sign can be seen
in the dynamic, real-time study in these cases of pneumonia,
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MHz). Both images (a and b) show the double lung point (black
arrows), the transition point between the upper lung fields with nor-
mal aeration (A-lines), and the basal lung fields still showing intersti-
tial edema (coalescent B-lines, white lung)

where one can observe the air movement inside the bronchi,
enabling differentiation with cases of resorptive atelectasis,
with a specificity of 94% and a positive predictive value of
97% (Supplementary Material 4) [40]. However, fluid bronch-
ograms due to fluid or mucoid content within the bronchi can
also be observed along with hypoechoic branching patterns.

Color Doppler can help distinguish pulmonary ves-
sels from fluid-filled bronchi within the consolidated
lung parenchyma, showing branching patterns [41, 42].
Gussinye and Serres correlated the B-mode and color Dop-
pler patterns of pneumonic foci assessed by sonography
with the duration of hospitalization [43]. These patterns
were classified as (i) well-vascularized (Fig. 14), (ii) non-
necrotizing hypovascularized (Fig. 15), or (iii) necrotizing
non-vascularized, avascularized (Fig. 16, and Supplemen-
tary Materials 5 and 6) and correlated with the length of
stay of 6 days, 9 days, and 21 days, respectively. Lai et al.
proposed a similar procedure, with different nomencla-
ture, to describe the degree of vascularization for lung
parenchyma through qualitative Doppler mode, categoriz-
ing perfusion into three stages, (i) normal — showing the
homogeneous distribution of vascularity; (ii) decreased
— less than 50% area of vascularity; or (iii) poor — with
no recognizable vascularization [44]. Any suspicion of
hypovascularity of the consolidated lung necessitates fre-
quent lung ultrasound follow-ups to detect early stages of
necrotic lung development.

Literature reviews and meta-analyses have identified four
clinical signs most frequently used in lung ultrasound screen-
ing criteria for children with pneumonia: lung consolidation,
air/fluid bronchograms, abnormal pleural line, and pleural effu-
sion [45—49]. These studies have also reported that lung ultra-
sounds pooled sensitivity for detecting pneumonia ranges from
93% to 95%, with a specificity ranging from 90% to 96% [50].
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Fig. 12 Respiratory syncytial virus bronchiolitis in a 3-month-
old female admitted to the neonatal intensive care unit requiring
mechanical ventilation. a, b, ¢ All ultrasound images scanned with a
microconvex 8—5 MHz transducer show multifocal subpleural consol-

Fig. 13 SARS-CoV-2 pneu-
monia in a 7-day-old male. All
ultrasound images obtained
with a 12-5 MHz linear trans-
ducer from (a, b, d) the right
and (c¢) left hemithoraces in the
posteroinferior lung fields show
multifocal small subpleural
consolidation (arrows in a, b,
and c) and irregularity of the
pleural line (arrowheads in d),
as well as coalescent B-lines in
all images (stars)

Pulmonary complications of infections

Some pneumonia cases may evolve into lung necrosis
depending on the degree of virulence of the pathogens and
the host’s immune status.

As most pneumonic processes reach the pleural surface,
it is relatively easy to detect consolidated lung parenchyma

idations (arrows in a, b, and ¢) and pleural line irregularities (arrow-
heads in a, b, and c) bilaterally in the posteroinferior lung fields. Coa-
lescent B-lines are also present (stars in a, b, and c)

by sonography and the area(s) of necrosis within the lung as
hypoechoic areas without a color Doppler signal. Cavitation
or abscesses can also be detected within the consolidated
lung. In cases of cavitation, a circumscribed hyperechoic
area is observed, indicating the presence of air. Conversely,
pulmonary abscesses appear as round hypoechoic areas,
reflecting fluid content (Figs. 17 and 18).
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Fig. 14 Well-vascularized pneumonia in a 7-year-old male. a Trans-
verse view of the right chest base obtained with a high-frequency
(12-5 MHz) transducer shows lung consolidation with the tissue-
like sign, air bronchograms seen as hyperechoic branching opacities
(black arrows), and anechoic pleural effusion (white star). b The con-

Fig. 15 Non-necrotizing
hypovascularized pneumonia
in a 4-year-old female. a Color
Doppler ultrasound with a linear
high-frequency 12-5 MHz
transducer shows hypovascu-
larized pneumonia without
necrotizing foci. b The chest
radiograph shows the focus of
pneumonia in the left lower
lung field

solidation is well-vascularized on color Doppler. ¢ Chest radiography
shows opacification of the right lung base and obliteration of the right
costophrenic angle (see also the companion Supplementary Material
4 for this case)

Fig. 16 Necrotizing non-vascularized pneumonia in a 2-year-old girl.
a Color Doppler ultrasound of the right lung base obtained with a lin-
ear high-frequency 12-5 MHz transducer shows a marked decrease
in vascularization with a pattern of necrotizing pneumonia, which is
usually associated with a less favorable prognosis and a prolonged
hospital stay. Rounded, hyperechoic foci represent air-filled cavities
within the lung parenchyma (black arrows). There are a few signs on
color Doppler study (white arrowheads) in the periphery of the pleu-
ral space containing organized empyema (white star). The minimal
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fluid color sign indicates the presence of an organized and complex
empyema. This weak Doppler signal appears only in the area with
the larger fluid component. Some air bubbles (white arrows) can also
be observed in the same area due to the presence of the chest tube
on this side (white arrows in b). b Chest radiograph shows scattered
opacities with small lucent areas (black arrows) representing air-filled
cavities corresponding to the ultrasound findings shown in (a, black
arrows) (see also the companion Supplementary Material 6 for this
case)
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Standardized lung ultrasound reports are recommended
for patients with pneumonia or complicated pneumonia to
facilitate follow-up and enhance report clarity for clinicians
(Table 1).

Atelectasis
There are two main types of atelectasis [51, 52]:

(a) Compressive — most frequently caused by voluminous
pleural effusion that compresses the lung. The trian-
gular-shaped atelectatic segment moves in the pleural
fluid like a waving hand (Fig. 19).

(b) Obstructive, which occurs when foreign objects or
mucus plugs lodged in one of the major bronchi
obstruct the airway. The trapped air in the distal seg-
ment is slowly absorbed (Fig. 20).

Fig. 17 Different stages of necrotizing pneumonia in three distinct
patients. a An initial focus of liquefaction in the lung parenchyma,
which on ultrasound using a convex transducer (9—-4 MHz) appears
as a circumscribed hypoechoic area (arrows) within the consolidated/
hepatized lung parenchyma in a 3-month-old female. b An area of
lung necrosis containing tiny gaseous hyperechoic foci (arrows)
in a l-year-old female patient, indicating a more advanced stage of

The sonographic characteristics of obstructive atelectasis
are strikingly similar to those of pneumonia. Both conditions
show hepatization of the lung parenchyma and air broncho-
grams, but, in pneumonia, air movement within the bronchi
can be observed (dynamic air bronchogram).

Pleural effusion

Ultrasonography is the preferred method for evaluating
pleural effusion and guiding thoracentesis. The evalua-
tion of pleural effusions can be initiated with B-mode,
employing lower frequency transducers such as the
8—5 MHz microconvex or the 9—4 MHz convex transducer,
which is particularly useful for assessing and estimating
the volume of the effusion. Subsequent assessment with
a 12 MHz high-frequency transducer can provide a more

necrotizing pneumonia compared to the patient shown in (a). ¢ With
the progression of necrotizing pneumonia, cavitations are found,
which appear on ultrasound as rounded images filled with gaseous
hyperechogenic contents (arrows). This image was obtained with a
high-frequency linear transducer (12-5 MHz), in a 2-year-old female
with necrotizing pneumonia with associated organizing empyema
(star)

Fig. 18 Necrotizing pneumonia in a 1-year-old girl. a, b Oblique
views of the right mid chest were obtained (a) with a convex trans-
ducer (94 MHz) and (b) with a high-frequency linear transducer
(12-5 MHz). These images show focal hypoechoic rounded areas
within the consolidated middle lobe consistent with necrotic areas

(black arrows in a and b) in necrotizing pneumonia (white arrow in
c). Additionally, note the presence of hyperechoic foci within these
cavitations, which correspond to gaseous foci (white arrows). There
is an associated parapneumonic, anechoic pleural effusion (star). H in
(a) indicates the heart
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Table 1 What should be reported on lung ultrasound in cases of pneumonia?

Characterize the pleural effusion

If present, characterize pleural empyema

Lung parenchyma appearance

Are there any signs of lung parenchyma necrosis?

[ I N S

pler sonography

Is there pleural effusion? If present, report the estimated volume or thickness

Vascularization of the lung parenchyma in the consolidated area by color Dop-

Yes Ino

Anechoic | hypoechoic | with or without debris, septations
Exudative | fibrinopurulent | chronic organizing
Homogeneous | heterogeneous

Yes Ino

Well-vascularized | hypovascular | avascular

Fig. 19 Compressive atelectasis in a 2-year-old male. This longitudi-
nal ultrasound image from the right lateral chest base obtained using
a microconvex (8-5 MHz) transducer shows a massive pleural effu-
sion (star) compressing the pulmonary parenchyma, resulting in sig-
nificant atelectasis (arrows)

detailed characterization of the fluid’s quality, facilitating
differentiation between anechoic fluid and the presence of
thicker components or fibrin septations. While B-mode
evaluation is often sufficient, it is crucial to note that in
cases where the diagnosis remains uncertain, particularly
to differentiate between pleural effusion and pleural thick-
ening, the use of the Doppler fluid color sign, as previ-
ously described, can provide additional diagnostic value.
Although high-resolution devices and transducers have
rendered B-mode sufficient for this purpose, not all facili-
ties possess such resources; therefore, the fluid color sign
obtained with color Doppler remains extremely beneficial.
To enhance the efficacy of this signal, the use of 8—5 MHz
microconvex transducers or even 9-4 MHz convex trans-
ducers is recommended. Additionally, lowering the pulse-
repetition frequency and increasing the gain of the color
mode can optimize the fluid color sign performance. The
appearance of pleural effusion on chest ultrasound varies
based on the nature and components of the effusion, mani-
festing as anechoic or hyperechoic and may present thin or
thick septations. In parapneumonic pleural effusions, the
following aspects can be observed (Fig. 21) [53]:

(a) Anechoic—transudates are almost invariably anechoic.
Exudates may also appear anechoic. The fluid color
sign is present in both cases.

Fig.20 Obstructive atelectasis in a 2-year-old female due to pea-
nut aspiration. a Ultrasound of the left hemithorax obtained with a
high-frequency linear transducer (12-5 MHz) shows a pattern simi-
lar to pneumonia, with a tissue-like sign (white star) but without air
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bronchograms. b Chest radiograph shows complete opacification of
the left hemithorax (black star) with mediastinal shift to the left. ¢
Bronchoscopy image shows a peanut obstructing the left mainstem
bronchus
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(b) Complex nonseptate corresponds to the exudative
stage of pleural empyema, visualized as echogenic,
with thick fluid (empyema is not distinguishable from
hemothorax). The fluid color sign is present.

(c) Complex septate corresponds to the fibrinopurulent
stage, characterized by limited lung expansion (Sup-
plementary Material 7). The fluid color sign is weakly
present.

(d) Echogenic depicts a chronic organizing stage (Supple-
mentary Material 8) with thick, non-fluctuating exu-
date, pleural thickening, thick septations, and a trapped
lung (lung sliding is often reduced or absent). The fluid
color sign is absent.

Prompt recognition of a complicated pleural effusion is
critical. Early thoracoscopy with the injection of fibrinolytic
drugs offers numerous benefits in managing pleural empy-
ema in pediatric patients. The injection of fibrinolytic drugs
during thoracoscopy reduces morbidity and mortality, pro-
motes earlier chest tube removal, shortens hospitalization,
and improves the response to antibiotic therapy [54, 55].

The role of ultrasound in evaluating pleural effusion
extends beyond mere quantification. A qualitative assess-
ment of the effusion is imperative to identify incipient signs
of empyema, ascertain the presence of fibrin septations, and

Fig.21 Four sonographic pat-
terns of pleural effusion from
different patients (white stars
indicate pleural effusions): (a)
anechoic pleural effusion, cor-
responding to transudate in a
1-year-old female; (b) complex
nonseptate pleural effusion in

a 2-year-old male, indicating
an exudative stage of pleural
empyema; (¢) complex septate
pleural effusion in a 2-year-old
male child, observed in the
fibrinopurulent stage of pleural
empyema; and (d) echogenic/
heterogeneous pleural effusion
with thick septations, indicating
proliferation of fibroblasts, cor-
responding to the chronic organ-
izing stage of pleural empy-
ema, in a 2-year-old female.
The images (a) and (d) were
obtained with a high-frequency
(12-5 MHz) linear transducer,
while the images (b) and (c)
were obtained with a microcon-
vex (8-5 MHz) transducer

evaluate the organization of pleural effusion with pulmonary
incarceration.

Upon detecting fibrin septations, it is essential to notify
a pediatrician or thoracic surgeon promptly. This notifica-
tion is crucial for performing a video thoracoscopy with
fibrinolytic drug injection, which is known to yield favorable
patient outcomes and reduce hospital stays [54, 55].

Lung ultrasonography to guide PEEP-induced lung
recruitment

A novel application of lung ultrasound is the real-time guid-
ance of lung recruitment induced by positive end-expiratory
pressure at the bedside, a procedure that would otherwise
require the transportation of the patient to the CT unit and
the mobilization of the entire multidisciplinary team to sup-
port the critically ill patient. This procedure was first per-
formed in adults by Bouhemad et al. in 2011 [56]. Lung
ultrasound is used to assess alveolar recruitment based on
airborne artifacts. Four patterns of lung aeration can be iden-
tified by lung ultrasound [56] (see Fig. 22):

(a) Pattern I—normal pattern—characterized by the pres-
ence of A-lines;
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Pattern 1
Normal

Pattern 2
Well-defined B-lines
(Interstitial)

Fig.22 Ultrasound patterns of lung aeration. The sequence of lung
ultrasonographic patterns shows lung images with progressive loss
of aeration from left to right. Pattern I corresponds to normal aera-
tion with multiple A-lines (black arrows). Pattern 2 is characterized
by multiple irregularly spaced B-lines (well-defined B-lines, white
arrows) with a moderate reduction in lung aeration. With the further
loss of aeration due to pulmonary edema or confluent bronchopneu-
monia with partial filling of the alveolar spaces, Pattern 3 is reached,

(b) Pattern 2—moderate reduction in lung aeration due
to interstitial disease—characterized by the presence
of multiple well-defined B-lines or irregularly spaced
B-lines;

(c) Pattern 3—severe reduction in lung aeration due to par-
tial filling of alveolar spaces by pulmonary edema or
confluent bronchopneumonia—marked by the presence
of coalescent B-lines, corresponding to ground-glass
areas on chest CT; and

(d) Pattern 4—complete loss of lung aeration with persist-
ing aeration of distal bronchioles—corresponds to lung
consolidation with dynamic bronchograms.

Careful identification of lung aeration patterns while per-
forming lung recruitment procedures guided by ultrasound is
essential for controlling or monitoring the degree of lung reaer-
ation. This procedure aims to transiently increase transpulmo-
nary pressure, reopen collapsed alveoli, and recruit additional
alveolar areas for gas exchange. At the same time, lung ultra-
sound monitors the change in aeration status in real time [57].

Conclusions
Lung ultrasound has broad applicability in neonatal and

pediatric patients. Its well-documented advantages over
other imaging modalities include the absence of ionizing
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Coalescent B-lines

Pattern 3

Ground-grass Pattgrn.4
(Interstitial-alveolar) Consolidation
(Alveolar)

which evolves into marked coalescent B-lines (white arrows), form-
ing the “ground-glass” areas on CT. Pattern 4 shows a complete loss
of aeration with lung consolidation with a tissue-like sign (white star)
and air bronchograms (white arrows). The images depicting aeration
Patterns 1, 2, and 3 were obtained from the same 15-month-old male
in different lung areas, while the image of Pattern 4 was obtained
from a 5-year-old female

radiation, noninvasiveness, and portability for bedside
examination. These features are particularly important in
critically ill patients with alveolar-interstitial processes,
complicated pneumonia, lung consolidation, pneumo-
thorax, and pleural effusion, enabling active real-time
evaluation. Nevertheless, lung ultrasound has several
limitations, including operator dependency and restricted
visualization due to the location of pathological enti-
ties (e.g., perihilar or mediastinal lung surfaces) or gas
interposition, as seen in pneumothorax and subcutane-
ous emphysema. Despite these limitations, the advan-
tages of lung ultrasound in neonatology and pediatrics
remain substantial, and it has been utilized to diagnose
and monitor a variety of chest diseases. Over the past 5 to
6 years, significant efforts have been made to expand the
role of lung ultrasound in neonatal and pediatric inten-
sive care units.
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