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Abstract

Pediatric point-of-care ultrasonography (POCUS) has grown in utilization and is now an integral part of pediatric acute
care. Applications within the pediatric critical care, neonatology and pediatric emergency were once limited to evaluation of
undifferentiated shock states, abdominal free fluid assessments in trauma resuscitation and procedural guidance. The body
of pediatric POCUS literature is ever expanding and recently published international consensus guidelines are available to
guide implementation into clinical practice. The authors present a review of emerging applications and controversies within
thoracic, hemodynamic, neurologic, and ocular POCUS in pediatric acute care medicine.
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Introduction

Point-of-care ultrasound (POCUS) is an integral part of
pediatric acute care. It allows quick, focused, repeatable, and
radiation-sparing imaging in real time at the bedside. His-
torically, POCUS utilization within pediatric critical care,
neonatology and pediatric emergency medicine has cen-
tered on procedural guidance, hemodynamic assessment in
undifferentiated shock, and free-fluid assessments in trauma.
Growing evidence in both adult and pediatric populations,
as well as international expert consensus and recommenda-
tions [1] have supported an expanding scope for POCUS
use in diagnostic, procedural, and clinical decision-making
applications within pediatric acute care [2]. The authors
present a review of emerging applications and controver-
sies within thoracic, hemodynamic, neurologic, and ocular
POCUS in pediatric acute care medicine. Understanding the
rationale and clinical implications of POCUS may improve
patient outcomes and herald new ideas for further research
and innovation.
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Thoracic Point-of-Care Ultrasonography

Previously, pediatric lung ultrasonography was primarily
used to distinguish parenchymal and pleural disease in an
opacified hemithorax, as well as characterize focal medi-
astinal masses [3]. Many pediatric applications have been
derived from adult experience, but when technical appli-
cations overlay pediatric-specific pathophysiologic pro-
cesses, unique results relevant to pediatric clinical settings
are revealed.

Metanalyses and evidence-based guidelines for critically
ill adults have shown lung ultrasonography to be superior to
chest radiography in the detection of pneumothorax [4]. In
the neonatal population, lung POCUS is as reliable as radi-
ography for pneumothorax detection, improves time to diag-
nosis, limits radiation exposure and may be more sensitive
for small pneumothoraces [3, 4]. Lung POCUS is limited
in its ability to assess pneumothorax size and may require
more nuanced interpretation to delineate pneumothorax
from other causes of absent lung sliding including pleural
adhesions, pleurodesis, bullous emphysema, contusions and
mainstem intubation [3, 4]. In traumatic injury scenarios,
subcutaneous emphysema may obscure visualization of the
pleura, limiting the diagnostic ability of lung POCUS.

Similarly, ultrasonography is superior to radiography and
chest CT for assessment of pleural effusion presence, vol-
ume, and the presence of septations [3]. In children, early
identification and treatment of pleural effusions of bacterial
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origin may prevent progression to empyema, and early drain-
age can reduce morbidity and mortality [3, 4]. Lung ultra-
sonography has shown improved sensitivity and specificity
relative to radiography for the diagnosis of pneumonia and
consolidation in multiple adult metanalyses and pediatric
studies [3, 4]. A 2022 review encompassing 27 pediatric
studies demonstrated that lung ultrasonography can diagnose
pneumonia with high sensitivity and specificity [4]. Non-
specific findings of atelectasis and edema are found on lung
ultrasonography in children with bronchiolitis and asthma,
but ultrasound performs better than radiography to detect
superimposed bacterial pneumonia in this patient population
by identifying consolidation and dynamic air bronchograms
[5]. Lung ultrasound is limited by an inability to see lung
consolidations that are distant from the pleura and larger
airways as well as in more central locations such as the para-
vertebral regions [3].

In neonates, lung ultrasonography can detect congeni-
tal pathology such as pulmonary sequestration, congenital
pulmonary airway malformation (CPAM), and congenital
diaphragmatic hernia [3, 4]. It is increasingly used in neo-
natal intensive care units to diagnose neonatal respiratory
distress syndrome (RDS), transient tachypnea of the new-
born (TTN), meconium aspiration syndrome, pneumonia,
pneumothorax, atelectasis, bronchopulmonary dysplasia
(BPD), and pulmonary hemorrhage. The predominant use
is in distinguishing RDS and TTN, with each having char-
acteristic sonographic findings [3, 4].

In addition to diagnostic evaluation, POCUS reduces
the risk of procedural complications during thoracentesis,
thoracostomy tube placement and subclavian central venous
catheter placement. Ultrasonography immediately prior to
thoracentesis and thoracostomy tube placement enhances
patient safety by localizing the diaphragm, pleura, surround-
ing visceral organs, and any aberrant intercostal vessels that
may complicate needle insertion [6]. POCUS in subclavian
central line placement has been shown to decrease time to
placement, drug administration, the need for confirmatory
chest radiograph, healthcare costs, and risk of associated
complications including pneumothorax, hemothorax, hema-
toma, vascular injury, and nerve injury [7].

Lung and diaphragm POCUS are faster than radiogra-
phy in endotracheal tube (ETT) confirmation in children
and demonstrate >90% accuracy [8]. Tracheal, rather than
esophageal, placement of an ETT should result in bilateral
pleural sliding and diaphragmatic excursion on POCUS,
whereas mainstem intubation can result in absent or unilat-
eral lung sliding, poor aeration, and reduced diaphragmatic
excursion. A neonatal metanalysis found that tracheal ultra-
sonography was significantly faster to perform than radiog-
raphy and was able to identify correct ETT position in 97%
of patients [9].
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Thoracic POCUS has also been explored as a tool for
monitoring physiologic changes and guiding clinical deci-
sion making. POCUS can confirm resolution of a pneumo-
thorax or pleural effusion to guide chest tube removal timing
and minimize the need for radiography [10]. POCUS is a
strong clinical adjunct to the physical exam in its ability to
assess lung aeration. The degree of lung aeration is associ-
ated with characteristic sonographic findings leading to the
creation of a lung ultrasound score (LUS) which has been
validated against gold standard lung CT [11]. The LUS is
a calculated sum of regional aeration scores from each of
six thoracic regions per hemithorax consisting of anterior,
lateral, and posterior zones divided into superior and inferior
regions. Scores of 0 to 3 are assigned to each region based on
the degree of aeration loss ranging from a normal aeration
pattern to a consolidation pattern (Fig. 1) [11]. In children
with bronchiolitis, a higher LUS is associated with increased
oxygen requirement and increased need for mechanical ven-
tilation (MV) [12]. In children with respiratory distress in
the emergency department, a LUS > 12 is predictive of the
need for escalated respiratory support to high flow nasal
cannula (HFNC) or non-invasive or invasive MV [13].

Lung ultrasonography can also guide MV titration in
acute respiratory failure. Lung POCUS provides real-time
physiologic information in response to ventilator adjust-
ments and helps differentiate focal from global aeration
loss. Changes in LUS can guide titration of positive end-
expiratory pressure (PEEP) in heterogenous lung pathol-
ogy where balancing atelectasis and overdistension can be
challenging [14]. Detecting overdistension has historically
been a weakness of lung ultrasonography but more recently,
regionally decreased lung sliding has been associated with
segmental overdistension. Distinguishing overdistension-
related reduced lung sliding from pneumothorax is impor-
tant, particularly in the setting of high ventilator pressures.
POCUS can determine that reduced lung sliding was due
to overdistension if lung sliding improves in response to
decreased ventilator pressures [15]. A randomized con-
trolled trial of pediatric cardiac ICU patients found that
perioperative lung ultrasound-guided recruitment maneu-
vers decreased post-operative desaturation events and short-
ened MV duration [3].

For ventilator-associated pneumonia, lung ultrasonogra-
phy can assess post-antimicrobial lung re-aeration, which
can re-direct therapies or interventions [16]. Lung ultra-
sound findings of dynamic air bronchograms are more spe-
cific for pneumonia and, with corresponding clinical and
lab markers, may suggest the need for antibiotics. Absent
or static air bronchograms suggest obstructed air flow and
a potential to benefit from bronchoscopy to relieve the
obstruction [17]. Excessive color Doppler signal in the
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Lung Ultrasound Score

Fig.1 B-mode ultrasound images illustrating lung ultrasound scor-
ing ranging from well-aerated lung (score of 0) to consolidated lung
(score of 3). Single headed arrows indicate A-lines, normal rever-
beration artifacts found in aerated lung. Asterisks indicate B-lines,
reverberation artifacts seen in atelectatic or edematous lungs. B-lines
increase in number to a point of coalescence as lung consolidation

setting of worsening hypoxemia and consolidation suggests
intrapulmonary shunt as the physiologic etiology [17].

Adult literature has identified clinical applications for
lung POCUS in directing ARDS therapies [18], intrave-
nous fluid management and MV weaning [11, 19] but
pediatric literature is limited. Increased heterogeneity of
the pediatric population makes identifying correspond-
ing lung ultrasonography parameters more complex. One
study evaluating LUS during extubation readiness trials
identified significant differences in measurements between
children in whom extubation was successful vs. unsuccess-
ful [20]. Another study of premature infants requiring MV
for RDS showed that a LUS cut-off of 18, performed at
a single time point prior to extubation, was predictive of
extubation failure [21]. While early literature is promising
in infants, significant gaps remain regarding the ability
of lung POCUS to predict readiness for MV weaning and
extubation readiness among other pediatric patients.

Finally, lung POCUS can differentiate neonatal RDS
from TTN, which is essential for determining manage-
ment since surfactant is administered in RDS, whereas
TTN only requires respiratory supportive care [3].
Although radiography is standard for making this dis-
tinction, ultrasonography may allow for more timely dif-
ferentiation, evidence-based treatment, and a radiation-
sparing bedside alternative.

worsens as indicated by the double headed arrows. Complete lung
consolidation results in the lung appearing similar to a solid organ
in echotexture and ultimately separation of the parietal and visceral
pleural layers due to the degree of lung consolidation. Scores are
summed over 6 lung regions in each hemithorax for an overall lung
score

Diaphragm Point-of-Care Ultrasonography

Diaphragm POCUS can provide valuable information for
clinicians in assessing for diaphragmatic dysfunction (DD)
— a spectrum ranging from diaphragmatic weakness to paral-
ysis. Diaphragm ultrasonography is the gold standard for
diagnostic identification of DD, as it outperforms traditional
techniques like fluoroscopy that are more time-consuming,
unavailable at the bedside, and require radiation [22].
Diaphragm ultrasonography uses M-mode to measure
diaphragm excursion (DE) and the difference in diaphragm
thickness at end-inspiration and end-expiration to calcu-
late the diaphragmatic thickening fraction (DTF) (Fig. 2).
Both DE and DTF are indicators of diaphragm work and
contractility. Often, the right hemidiaphragm is easier to
visualize (due to the improved acoustic window through
the liver), and adult and pediatric literature have shown
no difference in measurements between the right and left
hemidiaphragms [22, 23]. There are no established refer-
ence values for pediatric diaphragm ultrasound parameters,
but a few studies have demonstrated age-based normative
values that differ from preterm infants to adolescents. In
DE assessment, an amplitude of <4 mm and a difference
of >50% between hemidiaphragms are concerning for DD,
with the more obvious absence of diaphragm motion or
paradoxical motion being suspicious for paralysis [23].
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Fig.2 M-mode image of diaphragm thickening fraction calculated as
[(maximum diaphragm thickness - minimum diaphragm thickness)/
minimum diaphragm thickness] x 100. The lower limit of normal dia-
phragm thickening fraction in adults is considered to be 20% [24]

There are no clear DTF values that define DD in pediat-
rics, although the lower limit of normal has been shown
to be 20% in healthy adults [24].

DD exists in many diverse pediatric disease states. It is
common in many congenital and acquired pediatric neuro-
muscular disorders and can occur after congenital cardiac
surgery as a consequence of phrenic nerve injury [23]. DD
is increasingly described in both children and adults during
critical illness, especially in those requiring MV (referred to
as ventilator-induced DD) [23, 25]. Diaphragmatic function
can be affected by adjacent abdominal or lung pathology that
increases intra-abdominal or intra-thoracic pressure [23]. It
is unclear the degree to which sedation and MV affect dia-
phragmatic contractility. Mitigation of DD could help pre-
vent its sequelae, including nosocomial infections, increased
duration of MV, increased hospital and ICU length of stay,
worse functional outcomes, and increased mortality [24].

There is growing interest in diaphragm POCUS as a tool
to guide clinical decision-making. Existing literature sug-
gests that critically ill children undergoing MV experience
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diaphragmatic atrophy with a median 3.4% decrease
in thickness daily, which is accelerated by exposure to neuro-
muscular blockade [25]. POCUS, therefore, may be a useful
adjunct to predict readiness for MV weaning and extubation.
Recent prospective studies in children undergoing MV found
significant differences in post-extubation readiness testing
DE and DTF [20] between children with extubation failure
and those with success. Post-extubation readiness testing
cutoff values of approximately 6—8 mm for DE and 23-26%
for DTF were suggested as being predictive for MV weaning
or extubation failure [20, 26]. Despite promising early data,
heterogeneous study populations and methods necessitate
further studies to better determine the utility of diaphragm
POCUS in guiding MV weaning and extubation readiness.

Dynamic Point-of-Care Ultrasound to Assess
Fluid Responsiveness

Intravenous fluid administration is integral in the resuscita-
tion of critically ill patients. Intravascular volume increases
venous return and augments cardiac contractility via opti-
mization of ventricular myocyte stretch mechanics. Fluid
responsiveness is defined by an increase in stroke volume
and cardiac output following the administration of fluids.
Unfortunately, it is frequently unclear where a given patient
lies on the Frank-Starling curve prior to fluid administration
and difficult to predict who will benefit and who may be
harmed by volume expansion. Only half of hemodynami-
cally unstable patients have a positive response to fluid [27]
and adverse effects of fluid overload are well-documented
[28]. No static variable (e.g., heart rate, mean arterial pres-
sure, central venous pressure) consistently predicts fluid
responsiveness accurately. Fluid responsiveness research has
since shifted to dynamic measures, which utilize preload
fluctuations that can be mimicked by normal heart-lung
interactions during the respiratory cycle, applied liver pres-
sure, or a passive leg raise maneuver to predict how stroke
volume might respond to exogenous fluid. Some tradition-
ally dynamic measures require invasive monitors, such
as central venous catheters or arterial lines. Fortunately,
POCUS can non-invasively assess a patient’s response to
preload changes at the bedside in real time.

Fluid responsiveness has no standard research defini-
tion, but generally refers to an increase in cardiac index, car-
diac output, or stroke volume of >10-15% in response to a
10-20 cc/kg fluid challenge. A frequently used ultrasound-
based method to assess fluid responsiveness is inferior vena
cava (IVC) respiratory variability. From a subcostal window,
the IVC is longitudinally imaged near its confluence with
the hepatic vein to capture the dynamic change in IVC diam-
eter caused by fluctuations in intrathoracic pressure during
the respiratory cycle. When negative intrathoracic pressure



Indian Journal of Pediatrics

is generated, recruitable blood is returned to the heart and
the IVC collapses. During exhalation, the relatively positive
intrathoracic pressure decreases venous return and the IVC
diameter increases. An IVC collapsibility index (ICI) can be
calculated from these measurements using the equation 100
x [AIVCmax — IVCmin) / IVCmax]. The only published pro-
spective study measuring IVC collapsibility in spontaneously
breathing pediatric patients with sepsis showed that, the ICI
was a poor predictor of fluid responsiveness, with an area
under receiver operator characteristic (AUROC) of 0.38 [29].

This relationship between IVC diameter and respiratory
phase is the opposite in intubated and paralyzed patients
receiving positive pressure ventilation. In positive pressure
ventilation, air is delivered by positive force resulting in an
increase in intrathoracic pressure, decreased venous return
and a corresponding increase in IVC diameter. The IVC
distensibility index (IDI) is the measure of IVC respiratory
variability in mechanically ventilated patients and is a more
promising measure of IVC-based fluid responsiveness pre-
diction in pediatrics. Measurements are taken in the same
location as the ICI and the IDI is calculated as 100 x [(IVC-
max — [VCmin) / [IVCmin]. Using cutoff values ranging from
15.9-23.5%, multiple pediatric studies of mechanically ven-
tilated patients in varied clinical settings have demonstrated
good predictive ability of IDI for fluid responsiveness with
AUROCs >0.85 [27]. However, other pediatric studies have
not demonstrated similarly promising predictive ability [30].
Among other reasons why IVC POCUS may not accurately
predict fluid responsiveness, inter- and intra-rater variability
can be high [29].
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Fig.3 Pulse wave doppler image of blood flow out of the aortic
valve from an apical probe position. The peak velocity of blood flow
through the aortic valve varies throughout the respiratory cycle with
aortic peak velocity variability calculated as (aortic peak velocity
max — aortic peak velocity min) / mean aortic peak velocity x 100%.
Values greater than 18-20% are considered indicative that a patient
will have an improvement in cardiac output with bolus fluid adminis-
tration [31, 32]

The POCUS technique to assess fluid responsiveness in
children, most supported by the evidence, is measurement of
peak aortic outflow velocity (Vpeak_Ao) variation. Vpeak_
Ao is measured at the aortic annulus or left ventricular out-
flow tract by pulsed wave Doppler ultrasound. In a paralyzed
and mechanically ventilated patient, aortic outflow velocity
is maximal during inspiration due to a relative increase in
preload to the left side of the heart and at a minimum dur-
ing exhalation. Percent change in peak aortic outflow veloc-
ity (%A Vpeak_Ao) is defined as 100 x (Vpeak_AoMax
— (Vpeak_AoMin) / [(Vpeak_AoMax + Vpeak_AoMin) /
2] (Fig. 3). Using cutoff values ranging from 7-20%, multi-
ple pediatric studies have demonstrated that %A Vpeak_Ao
can predict fluid responsiveness in intubated patients; two
metanalyses found AUROC ranges from 0.91-0.94 [31, 32].
Despite %A Vpeak_Ao’s potential predictive ability, it may
be less reliable in smaller children and limited by operator
dependence [31].

Point-of-Care Neuroimaging and Ocular
Ultrasound

Head ultrasound (HUS) is ubiquitous in the neonatal inten-
sive care unit to evaluate intracerebral pathology. Standard
images are acquired by insonating through the anterior
fontanelle. The posterior and mastoid fontanelles can be
used to evaluate the lateral ventricles [33] and posterior
fossa structures [34], respectively. Neonatology providers
use point-of-care HUS to evaluate infants with acute clini-
cal deterioration, and adult neurocritical care providers are
increasingly following suit. While performance is depend-
ent upon practice environment and resource availability, the
value of HUS is its rapid bedside assessment of the need
for emergent intervention. This is particularly helpful for
patients who are unsafe to transport for a CT scan. In acutely
symptomatic infants, HUS is the first-line imaging modality
to evaluate for hemorrhage, stroke, and venous thrombosis.
It can also diagnose a variety of asymptomatic, subacute,
and chronic conditions, including intraventricular hemor-
rhage, hypoxic-ischemic injury, periventricular leukomala-
cia, hydrocephalus, infectious complications, and congenital
malformations [33, 35]. While HUS is less sensitive than
CT or magnetic resonance imaging (MRI) for many of the
above diagnoses, it may be preferable due to cost, portabil-
ity, accessibility, repeatability, and speed.

Transcranial doppler (TCD) measures blood flow velocity
in the cerebral vasculature with an ultrasound probe posi-
tioned over the temporal, suboccipital, or orbital region of
the skull or over the fontanelle. The most common indication
in children is to screen for and prevent stroke in children
with sickle cell anemia [36]. In critically ill adults, TCD
is used to screen for vasospasm following subarachnoid
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Fig.4 a Normal transcranial doppler. b Transcranial doppler in an adolescent with a middle cerebral artery aneurysmal rupture with resultant

moderate cerebral vasospasm

hemorrhage and other intracranial processes [37]; TCD has
shown promise as a diagnostic tool in children with acute
neurocritical illness and normative values for critically
ill children are established [38]. Research in defining the
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g
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Fig.5 Ocular point-of-care ultrasound demonstrating papilledema
with optic nerve head elevation and increased optic nerve diameter
concerning for elevated intracranial pressure
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optimal role of TCD in managing children with neurocriti-
cal illness is growing, and practice recommendations guid-
ing use in the PICU have been published [39]. Five broad
categories for TCD use have been proposed: assessment of
cerebral hemodynamics, cerebral autoregulation and vasore-
activity, evaluation of intracranial pressure (ICP), screening
for cerebral vasospasm (Fig. 4), and emboli detection [40].

Point-of-care ocular ultrasound is increasingly being
used in acute care environments as a diagnostic modality
and potential alternative to CT in resource-poor environ-
ments. For ocular ultrasound, the ultrasound probe is placed
on a closed eyelid and directed posteriorly. It can diagnose a
variety of ocular injuries [41]. Ocular ultrasound may also
evaluate for elevated ICP (Fig. 5). In predominantly adult
metanalyses, optic nerve sheath diameter by ocular US (US-
ONSD) had an AUROC of 0.93 for detection of elevated ICP
[42] and performs well compared to CT [43]. In pediatrics,
CT-ONSD and US-ONSD have been shown to be correlated
[44]. Many, but not all, pediatric studies have demonstrated
the ability for US-ONSD to predict elevated ICP, though
cutoff ranges vary [45].

Conclusions

Pediatric acute care providers are uniquely positioned to fol-
low a patient’s clinical trajectory and perform serial POCUS
assessments to guide ongoing management in continuously
evolving scenarios. Recent international guidelines have
laid the groundwork for expanded POCUS utilization in
the care of critically ill children and neonates. This review
highlights recent advances and controversies in POCUS uti-
lization as non-imaging specialist exposure to ultrasound
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technology broadens. When operated within a clinician’s
scope of practice, focused POCUS assessments can be
invaluable in narrowing differential diagnoses, answer-
ing discrete clinical questions and monitoring a patient’s
response to interventions. Future POCUS implementation
should continue to capitalize on the clinician’s continuous
bedside presence and knowledge of the patient’s ongoing
physiologic state to optimize its complementary role along-
side diagnostic ultrasound.
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