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Foreword

Understanding pathophysiology to ensure an accurate diagnosis is key to
optimizing therapeutic management. Monitoring bedside vital signs such as
heart rate, temperature, blood pressure, respiratory rate, and oxygen satura-
tion by pulse oximetry is routine practice in intensive care units (ICUs).
Imaging using X-rays is helpful in diagnosing neonatal and pediatric diseases
but can only assess anatomical abnormalities, be performed periodically, and
involves radiation. It is increasingly recognized that bedside assessment of
neonates and children by point-of-care ultrasound (POCUS) provides longi-
tudinal anatomical and physiological assessment of the patient, and the data
considerably adds to the clinician’s diagnostic accuracy and ability to deter-
mine optimal management strategy. In many countries, POCUS is standard of
practice, and training in these techniques is part of routine curriculum during
neonatal and pediatric critical care fellowship.

The textbook point-of-Care Ultrasound for the Neonatal and Pediatric
Intensivist by Drs. Singh, Tissot, Fraga, and Conlon is an excellent resource
to guide both novice and experienced clinicians new to POCUS and a valu-
able refresher for the trained expert. The editors and authors have extensive
experience in the field and are internationally recognized authorities.

This book begins with a well-written introduction and an overview of
physics unique to the small size of neonates and children. In comparison to
comprehensive echocardiography and neonatologist performed echocardiog-
raphy, POCUS is primarily focused at answering a specific question for spe-
cific indications and mostly used in the acute care setting. This textbook,
written for a global audience, enhances in-depth theoretical knowledge and
understanding of echocardiography for pediatric and neonatal intensivists
through chapters on basic views, evaluation of left ventricular dysfunction,
shock and hypotension, and right ventricular dysfunction and pulmonary
hypertension. Although not the focus of a bedside POCUS program, the
authors discuss the identification of critical congenital heart disease, advanced
echocardiography and hemodynamic evaluation, and the importance of pedi-
atric cardiology consultation for timely intervention.

Bedside assessment of thoracic, abdominal, and neurological pathophysi-
ology by POCUS can be lifesaving in conditions such as pneumothorax or
acute hemorrhage, and chapters within this book discuss both the indications
and technique for performing nonprocedural diagnostic POCUS applications.
Procedural POCUS applications, including vascular access and drainage
techniques, are deeply explored as it is well recognized that procedural accu-
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Foreword

racy is improved with ultrasound integration. Portable ultrasound devices
have enhanced our ability to assess neonatal and pediatric patients in the field
and also on transport. These important topics are beautifully covered with
plenty of images to guide the clinician.

Finally, practical considerations regarding the establishment of a POCUS
program, both in high-income countries and resource-limited settings, are
covered in this later chapters within the textbook.

The editors should be congratulated on providing this comprehensive
resource to neonatal and pediatric clinicians. We are confident that this book
will stimulate further interest and enhance knowledge of the bedside clini-
cian. This will undoubtedly lead to saving and improving the lives of our
tiniest and most fragile patients.

Satyan Lakshminrusimha
UC Davis Children’s Hospital
Sacramento, CA, USA

Ramasamy Ramanathan
Keck School of Medicine of USC
Los Angeles, CA, USA
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training and program development. We must,
upfront, acknowledge that we are at the begin-
ning of ultrasound’s journey in pediatric practice.
Many ultrasound applications that may greatly
impact patient outcomes have yet to be discov-
ered or standardized within care. We recognize
that the incorporation of new technologies and
novel ideas takes time and patience before attain-
ing widespread acceptance.

“That it will ever come into general use, notwith-

standing its value, is extremely doubtful; because

its beneficial application requires much time and

gives a good bit of trouble both to the patient and

the practitioner; because its hue and character are

foreign and opposed to all our habits and
associations.”

John Forbes, physician to Queen Victoria,
wrote this in 1821 as a preface to his transla-
tion of René-Théophile-Hyacinthe Laé&nnec’s
1816 book describing a new device: the stetho-
scope [1]. Over two hundred years later, this
device remains a diagnostic mainstay, draped
around the neck of every medical student recit-
ing their Hippocratic Oath and at the bedside
of every critically ill child undergoing care. Is
the story of the stethoscope one of success
given its elevated position among medical
devices? Or is the continued reliance upon a
200-years-old technology the story of our fail-
ure to develop, explore, or adopt other
technologies?

This book is not meant to answer those ques-
tions, and importantly, this book is not meant to
declare the superiority of ultrasound to any cur-
rently utilized technologies or practices. This
book is meant to expose readers to ultrasound and
present arguments for (and against!) its incorpo-
ration in pediatric clinical practice by non-
radiology/non-cardiology providers. In fact,
within neonatal and pediatric critical care spe-
cialty POCUS guidelines the vast majority of
pediatric-specific statements have moderate, low,
or very low (B, C, D) quality of supporting evi-
dence [2-4].

Despite limitations in accumulated evidence,
POCUS use is proliferating across pediatric prac-
tice settings [5—7]. There is tremendous face
validity to the technology; pathophysiologic pro-

cesses are now visualized in real time! Signs and
symptoms and constellations of datapoints
requiring interpretation beyond human capabili-
ties [8] can be encapsulated in a single image.
The “art” of medicine is now digitalized pixels on
a screen. And the ability to acquire those pixels
ourselves, at the bedside of our critically ill
patients, complements our developed clinical
expertise. Pixels change our assessments, change
our management, and change our outcomes.

Concern appropriately exists when introduc-
ing any new technology in clinical practice. The
success of the stethoscope as a technology inte-
grated in practice can be contrasted by the down-
fall of the pulmonary arterial catheter due to poor
implementation processes and resultant unfore-
seen harm [9]. Providers learning ultrasound
require thorough training across knowledge, psy-
chomotor and interpretative domains for success-
ful translation of skill in clinical practice. This
takes considerable time and effort, and it is par-
ticularly burdensome in the early stages of tech-
nology integration where training infrastructure
is sparse. So, is it worth the effort to learn
ultrasound?

First, let us assess whether ultrasound tech-
nology adheres to our goals and values as
“modern” clinicians. Though authors and read-
ers arise from different countries, practice in
different settings, and have different clinical
experiences, there are common ties to the prac-
tice of medicine. The Institute of Medicine
(now called the National Academy of Medicine)
is a nonprofit evidence-based United States sci-
entific advisory organization with global scope
dedicated to “catalyzing action and achieving
impact” [10]. In 2001, the organization pub-
lished Crossing The Quality Chasm: A New
Health System for the twenty-first Century and
defined six aims for idealized care: Safety,
Efficacy, Patient-centeredness, Timeliness,
Efficiency, and Equitability [11]. Any new tech-
nology we seek to introduce within our clinical
practice should strengthen our ability to deliver
ideal, value-based care to patients.

Ultrasound technology embraces a culture of
safety. First, providers may now use ultrasound
to assess catheter positioning or diagnostics pre-
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viously performed using radiating technologies
such as CT or plain radiography. There is also
ample evidence that the incorporation of ultra-
sound improves provider performance and
reduces complications across the spectrum of
procedures performed by pediatric acute care
providers [12—18]. Finally, and most importantly,
ultrasound may protect both us and our patients
from ourselves. By improving the accuracy of
diagnosis, we can align therapeutics to target a
specific diagnosis. Administrators and regulators
may raise concerns regarding institutional pro-
tection from “rogue” non-cardiology/non-
radiology providers performing bedside POCUS
studies, but there have not been reported inci-
dents of medical malpractice associated with the
point of care ultrasonography use. In fact, the
only medical-legal incidents reported in the lit-
erature related to POCUS ultrasound is the lack
of use of the technology when the equipment was
available and the provider had the capability to
use it within the scope of care [19-21]. Thus,
ultrasound provides safety for patients, provid-
ers, and institutions when implemented
effectively.

Ultrasound technology demonstrates efficacy.
Although there may be limited POCUS evidence
in pediatric acute care disciplines, literature and
experience are robust in cardiology and radiology
disciplines supporting benefits to clinical care.
While ultrasound may be “new” to many, the
technology has actually been present in medicine
for the better part of the past century. Whether
used by physical therapists in the 1920s, neurora-
diologists in the 1940s, or cardiologists in the
1950s and 60s, there is expertise in the use of the
technology both within the greater context of
medical practice as well as locally within our
radiology and cardiology practice partners [22].
Applications specific to other subspecialty
domains of practice continue to emerge, such as
fluid responsiveness in shock in pediatric critical
care or indication for surfactant in neonates with
respiratory distress syndrome. Enough experi-
ence with the technology exists within our global
medical practice rendering new questions
answerable using preexisting skills and methodo-
logic frameworks.

Ultrasound technology is patient-centered.
Our current practice environment embraces
pathways and algorithms often driven by
population-based data. Standardization of care
demonstrates benefit for the masses and quality
improvement strategies in pediatric care embrace
its principles [23]. But the patient that presents
to the pediatric emergency department is not a
population, they are an individual child. And our
physical exams, our laboratory values, and our
monitor data all have respective limitations in
accuracy, precision, sensitivities, and specifici-
ties when applied in care. Standardization of
approaches through pathways and algorithms
only embraces patient-centeredness if there is a
willingness to continually revisit data we use to
optimize downstream diagnostics and therapeu-
tics. Support for the inclusion of ultrasound in
standardized hemodynamic assessments now
embraced by both adult and pediatric specialists
[24, 25] lends support to the idea that ultrasound
data has value both to individual patients and
collective populations, and may improve our
own clinical performance.

Ultrasound technology is timely. Ultrasound
devices are now more portable, though retain
much of the imaging capabilities of older, larger
machines. Some are now pocket size and images
can be assessed in real time by providers or
housed within institutional servers for near real-
time assessment by remote experts. Point of care
ultrasonography is not only available at clinical
presentation but can be repeated throughout a
clinical course to assess responsiveness to thera-
peutic intervention or reevaluate protean physi-
ologies. Data continue to suggest that time to
appropriate therapies is associated with out-
comes, whether early antibiotics in sepsis [26,
27] or reperfusion in stroke or acute coronary
syndromes [28, 29]. Ultrasound facilitates diag-
nostics at the bedside, therapeutics in manage-
ment, and reassessment in ongoing care.

Ultrasound technology is efficient. With
smaller sized machines comes greater portability
to expand capabilities across varied practice set-
tings. Ultrasound has now even found itself used
in space [30]! But beyond the economy of
machine presence, ultrasound efficiency is opti-
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mized by the context of its use. Clinicians trained
in acquiring and interpreting images no longer
rely on an order, a technician to come to the bed-
side for image acquisition, and a remote imaging-
based specialist for interpretation. Further, the
real-time information gathered is not being pro-
cessed in a dark reading room, but rather within
the presence of the patient and the surrounding
clinical data. Emergency medicine studies con-
sistently demonstrate reduced time spent in the
hospital for patients and families as well as
greater satisfaction [31].

Ultrasound use is equitable. Our larger society
as well as profession strives to create systems and
render care that is fair and just to individuals. We
know that inequalities exist across medicine
which result in disproportionate outcomes
between groups based upon sex, race, ethnicity,
and socioeconomic status [32-34]. Ultrasound
may help to remove some of the deeply rooted,
systemic biases knowingly or unknowingly
entangled within our clinical care. Ultrasound is
simply white and black dots with many shades of
gray in between. In some ways, the technology
itself defines respect for equitability. How we
incorporate the technology and translate it within
care is yet to be assessed for this important clini-
cal aim.

Clearly, ultrasound can provide care that
adheres to our clinical goals and values. So we
ask again, is it worth the effort to learn ultra-
sound? We definitely think so... which is why we
write this book.
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Principles of Ultrasound
Sound Is a Wave

The most fundamental properties of sound are
those of a wave. As with all waves, sound waves
have an amplitude, a wavelength, a frequency, and
they propagate at a specific velocity (Fig. 1). The
amplitude of a sound wave corresponds to its
energy or “power.” The wavelength is defined as
the distance traveled in one cycle and the frequency
is the number of waves per unit time, usually mea-
sured in cycles per second (Hz). Wavelength () is
inversely proportional to frequency (f):

),ocl
f

This relationship is particularly important
when considering the choice of the ultrasound
transducer and adjusting imaging settings as it
directly affects the image resolution and how
deep the sound waves will penetrate.

Sound Frequencies

The wide range of sound frequencies is com-
monly divided into infrasound, acoustic range,

and ultrasound (Fig. 2). Infrasound includes fre-
quencies extending below 20 Hz. Sounds in this
range are not perceptible to humans. The acoustic
range of human hearing is from 20 Hz to 20 kHz.
Frequencies above 20 kHz are considered ultra-
sound. These sounds are not perceptible to the
human ear but are perceptible to animals such as
bats, dogs, and porpoises. Typically, the range of
frequencies utilized for medical ultrasound is
2-20 MHz with some recent transducers operat-
ing up to 70 MHz. The ultrasound transducer fre-
quency is adjustable and has a direct effect on
image resolution and depth of sound wave
penetration.

Piezoelectric Effect

Ultrasound imaging is made possible by leverag-
ing the piezoelectric effect. The piezoelectric
effect is the ability of oscillating crystals to con-
vert electrical energy into kinetic energy (ultra-
sound waves) and back again. The ultrasound
machine sends an electrical signal to an array of
crystals at the edge of the transducer. The electri-
cal signal is converted to ultrasound waves that
are emitted from the transducer. The reflected
ultrasound wave echoes returning from subcuta-

fe— A —>

amplitude I \/\/\/—» Vi

Fig. 1 Properties of a sound wave. All sound waves have a wavelength (1), amplitude, and propagation velocity (v,,).

The frequency (f) is inversely proportional to the wavelength
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20Hz

Fig. 2 Range of sound frequencies. The acoustic range
(red), perceptible to humans, is from 20 Hz to 20 kHz.
The ultrasound range above 20 kHz is perceptible to
some animals. This includes the approximate range,

' Transmission

Fig. 3 Schematic representation of the ultrasound prin-
ciple and piezoelectric effect: electricity is applied to the
crystals and generates kinetic energy (ultrasound wave),
transmitted to the heart. The returning ultrasound wave is

neous structures deform these same crystals to
generate electrical energy which is transmitted
back to the ultrasound machine. The signals are
then processed to generate ultrasound images
(Fig. 3).

20kHz

200MHz

2MHz 20MHz

Copyrightia SheenGahlautk YogenSingh

2-20 MHz, used in medical ultrasound (green). Below
20 Hz is considered infrasound. (Courtesy: Sheen
Gahlaut and Yogen Singh)

Echo picture

Reflection

converted back to electrical energy to give a cross-
sectional 2D image. Echoes are reflected differently
depending on the tissue properties. The transducer is both
a transmitter and a receiver

How Is an Image Formed?

The ultrasound waves emitted from the trans-
ducer are reflected off various tissues, received
by the transducer, and processed by the ultra-
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sound machine software. To generate an image,
the returning echoes are analyzed in two funda-
mental ways: depth determination and wave
amplitude measurement.

Depth: The depth of the different structures is
determined by using the pulse-echo principle.
When considering the equation for velocity:

X
v==2

t

where v is velocity, x and ¢ are distance and time
respectively, from the transducer to a structure
and back again. The velocity of ultrasound in
most human tissues is similar to its velocity in
water 1540 m/s. Therefore, the velocity of ultra-
sound in water is used to approximate depth cal-
culations. By rearranging the equation above, by
measuring the time elapsed between emitting and
receiving the ultrasound wave, the round-trip dis-
tance can be calculated:

x=1540-1

The depth of the reflecting structure is half
this distance, x/2.

Amplitude: There are several techniques to
analyze and visualize the amplitude of the
reflected  ultrasound waves. In A-mode
(Amplitude-mode) ultrasound, the amplitude is
plotted over time to visualize the ultrasound
echoes along a single path [1]. This mode is not
typically used in point-of-care ultrasound
(POCUS) assessment. B-mode, or Brightness-
mode, is vastly more common and useful for
POCUS and is often referred to as gray-scale
ultrasound or 2D ultrasound. The amplitude of
the reflected wave is translated to gray-scale,
whereby a high amplitude wave is depicted as
white and a low amplitude wave is black.

It can be useful to conceptualize this analysis
by imagining the emitted ultrasound waves as a
two-dimensional plane. This plane can be split
into individual slices, each slice with its own
depth and amplitude data. These tiny slices are
assembled side-by-side to generate a two-
dimensional image displayed on the ultrasound
machine.

What Determines Echogenicity
(Brightness)?

There are several factors that determine the echo-
genicity, or brightness, of a tissue or anatomic
structure. The first important concept is acoustic
impedance. Acoustic impedance refers to the
resistance an ultrasound wave encounters as it
travels through a medium and can be described
mathematically using the following equation:

Z=p-c

where Z is acoustic impedance, p is density of a
medium, and c is the ultrasound wave propagation
velocity. If two adjacent tissues have different
acoustic impedance, they are said to have acoustic
impedance mismatch. The greater the mismatch,
the greater the percentage of the ultrasound wave
that is reflected back to the transducer from the
interface between the two tissues thus resulting in
a highly echogenic signal. A commonly encoun-
tered example of acoustic impedance mismatch is
the highly echogenic signal created when soft tis-
sue is adjacent to bone (Fig. 4). The acoustic
impedance of non-fatty tissue and bone are
1.66 x 10° and 6.98 x 10° kg/(m?s), respectively
[2]. This high discrepancy causes a highly echo-
genic (white) appearance at the interface. The
acoustic impedance of many biological tissues
(e.g., water, blood, fat, muscle) are quite similar,
and hence the echogenicity is only slightly differ-
ent (Table 1). Learners are often taught the BAD
mnemonic to remember this: Bones and Air are
BAd for ultrasound imaging.

The second factor, and one particularly impor-
tant for novice POCUS providers to understand, is
the angle of insonation. The angle of insonation is
defined as the angle between the direction of wave
propagation and the structure of interest (Fig. 5).
The ideal angle, at which the greatest percentage
of ultrasound waves will be reflected back to the
transducer, is 90°. Thus, it is at this angle that the
sonographer will observe the highest echogenicity
(highest amplitude). As this angle varies from 90°,
a diminishing fraction of the reflected waves will
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Fig. 4 Acoustic impedance mismatch. Transverse view
of the distal radius is shown. A large mismatch between
the acoustic impedance of bone and soft tissue results in

Table 1 Acoustic impedance: properties of representa-
tive biological tissues

Characteristic acoustic

Propagation impedance (10° kg m™2

Tissue speed (m s~') s
Cortical 3635 6.98
bone

Non-fatty | 1575 1.66
tissue

Fat 1465 1.44
Blood 1584 1.68

Adapted from [2]

be detected by the transducer and hence there will
be decreased echogenicity. This is clearly apparent
when observing the appearance of a needle at
varying angles of insonation.

the highly echogenic appearance of the radius (arrow-
heads). Deep to the bone cortex, a hypoechoic posterior
acoustic shadowing artifact is observed (*)

The last factor, discussed here, that results in
high echogenicity are good specular reflectors.
These can be thought of as structures that have a
relatively smooth surface, such as the pleura
(Fig. 21) or diaphragm. When encountering these
structures, a high percentage of the incident wave
is reflected back to the transducer resulting in a
highly echogenic appearance. Conversely, struc-
tures that are not “smooth” result in scattering of
the incident ultrasound wave with a relatively
low percentage of the reflected wave returning to
the transducer. Specular reflectors are relatively
uncommon and most tissues encountered in
POCUS studies do not have dramatically high
echogenicity.
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Fig. 5 Angle of insonation. The highest echogenicity is
obtained when there is a 90° angle (a) between the direc-
tion of sound wave propagation and the structure of inter-
est (angle of insonation). At this angle, the greatest
percentage of the sound waves are reflected to the trans-

Image Optimization and Knobology

There are numerous settings that can be adjusted
to achieve an optimal ultrasound image. Some of
these settings are common to all ultrasound
machines while others may be manufacturer-
specific and proprietary. In this section, the most
fundamental settings available on all ultrasound
machines are discussed. The settings every
sonographer should be familiar with include
gain, depth, resolution, and focus.

2D Gain

Adjusting the gain modulates the intensity of the
reflected sound waves throughout the entire
image. If the gain is set too low, the entire screen
will be dark, and the sonographer will not be able
to distinguish individual structures (Fig. 6a). If

Copynghtis SheenGishlaun & YogenSingh

ducer. When the angle is less than 90°, reflected sound
waves cannot be detected by the transducer. If the struc-
ture of interest is not parallel to the skin, the sonographer
must tilt or rock the transducer (b) to obtain a 90° angle.
(Courtesy: Sheen Gahlaut)

the gain is set too high, the observer will also not
be able to distinguish individual structures and
may result in gain artifacts whereby artifacts
appear in areas that should normally be anechoic
(Fig. 6¢). Finer adjustments to the gain can be
achieved with Lateral Gain Compensation (LGC)
and Time-Gain Compensation (TGC). LGC
allows for adjustments to the gain in one specific
vertically segmented area of the image (e.g., the
left half of the image) while TGC (Fig. 7) allows
for adjustments to the gain in one specific hori-
zontally segmented area of the image (e.g., the
image segment furthest from the transducer).

Active Gain
Similar to 2D gain, active gain is used for color

flow mapping and Doppler settings. Increasing
too much active gain in color flow mapping may
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Fig. 6 Optimizing gain. Transverse view of superficial is adjusted so that structures known to be anechoic (e.g.,
blood vessels is shown. If the gain is set too low (a), it is ~ vessel lumen) appear black (b). If the gain is set too high
difficult differentiate structures from one another. The gain ~ (¢), gain artifacts appear in anechoic structures (arrow)

Fig.7 Time-Gain Compensation (TGC). Transverse view of a blood vessel within a phantom simulator is shown. TGC
sliders allow for adjustment of the amplification of the reflected sound waves at a specific depth

-

-t
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lead to too many speckles in the area of interest
while too less gain may have little color flow
mapping. This is particularly important when
measuring structures on color Doppler such as
measuring the size of patent ductus arteriosus
(PDA). If the active gain setting is not optimized,
then it can lead to over- or underestimation of
size.

Depth

Depth, as the name implies, allows the sonogra-
pher to change how shallow or deep the target
area is. The depth should initially be overesti-
mated or adjusted to be deeper than the expected
depth of the structure(s) of interest. This allows
for the identification of any unexpected findings
deep to the structure of interest. After the struc-
ture of interest is visualized, the depth should be
gradually adjusted to a shallower setting until the
region of interest is as large as possible (Fig. 8).
When the depth is too deep, there is “wasted real
estate” on the screen, deep to the structure of
interest and visualization is suboptimal. Learners
are often taught to adjust the depth to “use all the
real estate” on the screen. It is important to
distinguish depth adjustment from zoom. With
many ultrasound machines, adjusting the zoom
will result in a larger image, but will sacrifice
resolution. Zoom can be used to visualize small
structures like coronary arteries or visualizing
annulus attachment while measuring annular
diameter.

Resolution

Many modern transducers are dynamic, made to
operate at a variable range of frequencies. These can
be adjusted by the sonographer. Often the trans-
ducer is labeled with the range of frequencies (e.g.,
L15-8, 8-15 MHz). Although the vast majority of
transducers allow for resolution adjustments, nov-
ice sonographers frequently overlook this option
when optimizing image quality. Understanding the
effects of resolution adjustments is critical. To
understand the effect, one needs to remember that
wavelength is inversely proportional to frequency.
At high frequencies, the ultrasound wave has a
short wavelength and thus the resolution is very
good. The trade-off of adjusting to a high frequency
is adecreased depth of penetration. If the region of
interest is a superficial structure (e.g., peripheral
blood vessel), it is most appropriate to change the
settings and choose a transducer with a high fre-
quency which will result in very good resolution but
only shallow penetration (Fig. 9a, b). Conversely, if
the goal is to visualize a deeper structure (e.g., [IVC
in a subcostal longitudinal view), it is most appro-
priate to choose a transducer that allows for the
sonographer to adjust to a low frequency which will
result in very good penetration but sacrificing reso-
lution (Fig. 9c, d).

Focal Zone

The ultrasound beam is commonly depicted as a
two-dimensional (2D) plane emanating from the

Fig. 8 Optimizing depth. Transverse view of blood ves-
sels within a phantom simulator is shown. After adjusting
the depth to view deep structures, it is adjusted to the shal-

lowest setting that still allows for visualization of the
structure(s) of interest
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Fig.9 Optimizing frequency. Transverse view of superfi-
cial blood vessels is shown (a, b). There is improved reso-
lution of superficial structures when adjusting to a higher
frequency (a) compared to a lower frequency (b).

Longitudinal inferior vena cava view is shown (c, d).
Adjusting to a lower frequency (c) allows for improved
penetration to visualize deep structures (*) compared to a
higher frequency (d)

Fig. 10 Focal zone adjustment. Transverse view of superficial blood vessels is shown. The focal point (red ellipse) of
the sound beam can be adjusted to allow for the highest resolution at the level of superficial (a) or deep (b) structures

transducer. In reality, the ultrasound waves form a
three-dimensional column of sound. Many ultra-
sound manufacturers offer the ability to focus the
sound beam at a specified depth (Fig. 10).
Conceptually this is similar to ophthalmology where
the lens is able to focus light precisely on the retina.
This setting allows for higher resolution in a limited
region of interest (e.g., at the exact depth of a blood
vessel) and can be adjusted to the desired depth.
Some ultrasound machines have the ability to desig-
nate multiple focal zones simultaneously. While this
may improve the resolution at several depths, there
is a trade-off. With multiple focal zones, there will be

a significantly worse temporal resolution and result-
ing degradation of the motion quality.

Transducers

Various transducers are used depending on the

structure that needs to be imaged (Fig. 11). The

three types of transducers commonly used for

POCUS are:

— Linear transducers: the ultrasound beam is
stepped sideways by a fraction of beam width
between each transmission, all the beams stay-
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Fig. 11 The different kinds of transducers and their applications for ultrasound imaging

ing parallel to each other. These transducers
give a wide field of view close to the surface and
are typically used for vascular or lung imaging.

— Sector transducers (or phased array): the ultra-
sound beams fan out from a fixed point at or
near the body surface. These transducers are
useful when gas or bone structures (e.g., ribs
and lungs) restrict the acoustic window and
are typically used for cardiac imaging.

— Curvilinear transducers are a cross between
linear and sector transducers and provide a
wide field of view both close to the transducer
and at depth. They are typically used for
abdominal imaging.

Two-Dimensional Ultrasound

In two-dimensional ultrasound, a cross-sectional
image of a structure is built up by sweeping an
ultrasound beam through a chosen scan plane.

The beam is transmitted down a scan line and
echoes from any targets are detected and plotted
as brightness modulation. Each structure has dif-
ferent echo brightness giving rise to the anatomi-
cal 2D ultrasound image.

M-mode, or motion mode, imaging interro-
gates a single straight line and reveals move-
ments of interfaces along that line over time.
Each structure of variable brightness traces out
a line. M-mode is used for cardiac and lung
ultrasound. In echocardiography, M-mode
imaging is obtained from the parasternal long
or short-axis view [3]. The image is produced
by a single line of interrogation and is shown
with time on the x-axis and distance from the
transducer, or depth, along the y-axis. M-mode
is mainly used in echocardiography to estimate
left ventricular function (shortening fraction)
by measuring the left ventricular dimension and
wall thickness during systole and diastole
(Fig. 12).
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Fig. 12 M-mode echocardiography obtained from the
parasternal long-axis view through the left ventricular
chambers at the tip of the mitral valve leaflets. /VS inter-
ventricular septum, LV left ventricle, LVEDD left ventric-

Doppler Ultrasound

The Doppler ultrasound modes allow for mea-
surement and color visualization of blood flow
velocity and myocardial movement. The ability
to estimate velocity is possible due to the Doppler
shift phenomenon. Moving objects change the
frequency of the Doppler shift according to the
direction and velocity with which they are mov-
ing in relation to the transducer [4]. Doppler
ultrasound modes include color flow Doppler,
pulsed-wave (PW) Doppler, continuous-wave
(CW) Doppler, high-pulsed repetition frequency
(HPRF) Doppler, and Tissue Doppler modes.

The Doppler Effect

Ultrasound waves emitted from the transducer
have a single frequency but upon reflection off a
moving structure, such as blood, the frequency is
altered (Fig. 13a). This shift in frequency, termed
the Doppler shift (Af), is dependent upon several
factors and is calculated using the following
formula:

A= fo—f = 2-v-f,.-cos (9)

ular end-diastolic dimension, LVESD left ventricular
end-systolic dimension, LVPW left ventricle posterior
wall

where fr and fy are the frequencies of the ultra-
sound waves transmitted from the transducer and
reflected off the moving blood, respectively, v is
the blood flow velocity, c is the ultrasound wave
propagation velocity in the medium, and @ is the
angle between the ultrasound beam and the axis
of blood flow (i.e., the angle of insonation)
(Fig. 13b). There are several important aspects of
this equation to point out. First, if the ultrasound
beam is perpendicular to the direction of blood
flow, a 90° angle of insonation, the frequency
shift will be zero (cos(90°) = 0) and the velocity
will be incalculable. If the blood flow is parallel
and moving directly toward the transducer, a 0°
angle of insonation, the Doppler shift will be
positive and of the greatest magnitude
(cos(0°) = 1). If the same angle is maintained but
the blood is flowing away from the transducer, a
180° angle of insonation, the Doppler shift will
be negative but still of the greatest magnitude
(cos(180°) = —1). By examining the rearranged
equation to calculate blood flow velocity (v):

- Af-c
~ 2:f,-cos(0)

We see that a positive Doppler shift, Af, results
in a positive calculated velocity. When using
spectral Doppler imaging, the convention is that
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Fig. 13 Doppler shift. (a) The frequency of reflected
sound waves is altered upon reflection off a moving struc-
ture (e.g., blood). When the movement is toward the trans-
ducer (v > 0), there is a shift toward a higher frequency—a
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Fig. 14 Spectral and color Doppler imaging. (a) Spectral
Doppler obtained in the descending aorta with positive
Doppler shift representing flow moving toward the trans-
ducer and negative Doppler shift representing flow mov-
ing away from the transducer. (b) Color Doppler with flow
moving toward the transducer represented in red and flow

blood flowing away from the transducer is dis-
played as a negative velocity and blood flowing
toward the transducer as a positive velocity

\
6\
Blood
- ,

Red bIoI)d cells

vessel

6 is the angle between ultrasound beam and the direction of blood flow (v)

positive Doppler shift. Conversely, movement away
(v < 0) results in a negative Doppler shift. (b) The Doppler
shift is dependent upon the angle of insonation (6).
(Courtesy: Sheen Gahlaut)

moving away from the transducer represented in blue.
Transverse view of a superficial blood vessel with color
Doppler with flow moving away (blue) the transducer (c)
and, after tilting the transducer, flow toward (red) the
transducer (d)

(Fig. 14). A positive velocity (i.e., toward the
transducer and above the baseline) is typically
represented in red on color Doppler. Conversely,
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Pulse wave

Fig. 15 Schematic representation of pulsed-wave and
continuous-wave Doppler at the level of the aorta from
apical 5-chamber view. Ao aorta, LA left atrium, LV left

blood flow away from the transducer, a negative
Doppler shift and velocity (below the baseline),
is represented in blue (Fig. 14). It should be
noted that red and blue have no correlation with
artery or vein, only the direction of flow (Fig. 14).
Learners are often taught the BART mnemonic to
remember this: Blue Away, Red Toward.

During PW Doppler, the transducer transmits
short bursts of ultrasound waves at regular inter-
vals (the pulse repetition frequency, PRF). PW
Doppler’s main advantage is that it allows the
measurement of blood flow velocity at a precise
location (Fig. 15).

However, the main disadvantage of PW dop-
pler is the ability to accurately determine blood
flow direction or velocity when there is high-
velocity blood flow. There is a limit in the ability
to accurately measure the Doppler shift, termed
the Nyquist limit. The Nyquist limit is equal to
half the sampling rate, or PRF. PW is then limited
by the Nyquist limit making it unsuitable for
high-velocity flow quantification.

In contrast, CW Doppler is not constrained by
velocity limits. CW Doppler can record veloci-
ties exceeding those of PW Doppler but interro-
gates all points along a given ultrasound beam
rather than at a single location (Fig. 15). The dis-
advantage is that knowledge of anatomy must

Continuous wave
[

ventricle, RA right atrium, RV right ventricle. (From
Anavekar NS, Oh JK, Doppler echocardiography: a con-
temporary review. J Cardiol 2009;54(3):347-58, Fig. 2)

already be determined to identify the precise
location of the maximum velocity.

PW is used to record the velocity across the
valves, by placing the sample volume slightly
proximal to the valve. During Doppler imaging,
it is important that the beam should be perfectly
aligned with the line of flow to avoid distortion of
data. An angle of interrogation of less than 20° is
essential to ensure clinically accurate
information.

The pulmonary and aortic valve Doppler trac-
ing is a unique envelope with a peak velocity of
approximately 1 m/s while the tricuspid and
mitral valve inflow Doppler show two phases
(Fig. 16).

Flow in early diastole, representing early pas-
sive ventricular filling, is characterized by a peak
wave called the E wave. It is followed by the A
wave, representing late ventricular filling during
atrial contraction [5]. The mitral valve peak
velocity is slightly higher than that of the tricus-
pid valve [6]. The flow in the pulmonary vein is
continuous with diastolic (D wave) and systolic
peak (S wave) (Fig. 17).

The diastolic peak velocity is usually higher
than the systolic. Often, flow reversal (AR wave)
can be seen during atrial contraction. This flow
pattern does not vary with respiration [7]. Vena
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Fig. 16 Comparison of pressure curve of the aorta (Ao),
left ventricle (LV, left atrium (LA) and velocity across the
left ventricular outflow tract (LVOT) and left ventricular
inflow (LV inflow) and spectral Doppler from pulsed-
wave across the LVOT (aortic valve) from apical
5-chamber view and LV inflow (mitral valve) from apical

caval flow is a continuous low-velocity flow but
the peak velocity is greater in systole. Flow rever-
sal during atrial contraction (AR wave) occurs
less often in children compared to adults.
Respiratory variation is seen with the augmenta-
tion of flow velocities during inspiration [5].
Hepatic venous flow shows a predominantly sys-
tolic biphasic flow pattern [8].

4-chamber view. E early diastolic ventricular filling, A late
diastolic ventricular filling during atrial contraction.
(Adapted from Echocardiography for the Neonatologist,
Ed Kinner, Alverson, Hunter, Churchill-Livingston 2000,
page 115)

Clinical Applications of Color Doppler

Color flow Doppler mapping allows velocity
information to be overlaid on a two-dimensional
image providing data about intracardiac and
extracardiac shunts, insufficiency or stenosis of
valves, and vessel obstruction. By convention,
shades of red are utilized in identifying blood
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Ventricular
systole

Diastole

Diastole

Fig. 17 Comparison of the pressure curve and spectral
Doppler tracing from the pulmonary veins. The a wave
corresponds to the atrial contraction, the ¢ wave to the
ventricular contraction, the v wave to the venous filling
when the mitral/tricuspid are closed and venous pressure
increases from venous return. The x descent corresponds

flowing toward the transducer and blue to indi-
cate blood flowing away from the transducer.
Therefore, color flow Doppler defines the pres-

to ventricular systole (ventricular ejection/atrial relax-
ation) and the y descent to the rapid emptying of the
atrium into the ventricle following the opening of the
mitral/tricuspid valve. S systolic flow, D diastolic flow, AR
flow related to atrial contraction (atrial-reversal)

ence and direction of shunts and is used to grade
the severity of valvar regurgitation (see cardiac
Chaps. 3 and 4).
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Tissue Doppler

Tissue Doppler Imaging (TDI) allows recording
of the Doppler velocities generated by the ven-
tricular wall motion (myocardium). A PW
Doppler cursor is placed on the myocardial wall
(mitral, septal, or tricuspid annulus) to record
the peak myocardial velocities. Three wave-
forms are obtained: a peak systolic wave (S’), an
early diastolic wave (E’), and an end-diastolic
wave (A’) produced by atrial contraction

J. Z. Stoller et al.

(Fig. 18) [9]. The Tissue Doppler systolic mitral
annular velocity has been shown to correlate
with global left ventricular myocardial function
[10]. TDI has also been used to estimate dia-
stolic function, and is relatively independent of
preload condition, as opposed to the Doppler
evaluation [11, 12]. TDI assessment is out of the
scope of POCUS assessment but it is part of the
echocardiography protocols including neonatol-
ogist-performed  echocardiography  (NPE)
assessments.

Fig. 18 Tissue Doppler Imaging (TDI) at the level of the
interventricular septum from apical 4-chamber view dem-
onstrating the E’, A’, and S" waves. A’ late diastolic ven-

tricular filling during atrial contraction, £’ early ventricular
filling, S" systolic wave
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Artifacts

Artifacts are inherent to ultrasound imaging. The
software embedded into modern ultrasound
machines incorporates sophisticated artifact
suppression algorithms to filter out many of these
artifacts in real time. A clear understanding of the
remaining unfiltered artifacts allows the sonogra-
pher to obtain additional information that would
otherwise be unavailable. In some cases, the
sonographer must disable the artifact suppression
algorithms to obtain the desired information (e.g.,
lung ultrasound). Here we discuss several impor-
tant categories of artifacts. There are many arti-
facts that will not be discussed here and the reader
is referred to a recent comprehensive review [13].

Gain Artifact

To optimize an image, the gain is either adjusted
manually or using automated algorithms (the
“automatic” button in some ultrasound machines).
This artifact is common among novice sonogra-
phers when the gain has not been adjusted prop-
erly. When the gain is turned up too high,
echogenic foci begin to appear within regions
that should be anechoic. For example, when
imaging a blood vessel, small echogenic foci
may appear in the lumen in the absence of any
true thrombi or emboli (Fig. 6). To avoid this arti-
fact, the sonographer should locate a structure in
the field of view that is known to be anechoic
(e.g., vessel lumen) and decrease the gain until
the region of interest appears anechoic. Learners
are commonly taught to adjust the gain until
“black is black.”

Amplitude

Posterior Acoustic Shadowing

This is a common artifact caused by the reflection
of ultrasound waves at the interface between two
tissues with high acoustic impendence mismatch.
A very high percentage of ultrasound waves are
reflected and thus, due to this “obstruction,” rela-
tively few continue to penetrate deeper tissues
(Fig. 4). Several common structures that cause
this are air, bone, and foreign bodies. The lack of
sound waves returning from deeper structures
results in the ultrasound machine displaying an
anechoic, or black, region during B-mode
imaging. Occasionally the structure causing the
posterior acoustic shadowing is not sonographi-
cally obvious and the only clue to its presence is
the shadowing itself. For example, by identifying
posterior acoustic shadowing, the sonographer
can infer the presence of a foreign body, even if
the foreign body itself is not apparent.

Posterior Acoustic Enhancement

Posterior acoustic enhancement is a diffuse
highly echogenic artifact occurring deep to a
fluid-filled structure. To understand this artifact,
it is critical to appreciate the phenomenon of
ultrasound wave attenuation. Attenuation refers
to the gradual decrease in wave amplitude as the
wave travels through a medium. To compensate
for this and allow for a homogenous tissue to
appear homogenous on the screen, the ultrasound
machine software uses correction algorithms to
gradually increase the amplitude of the reflected
echoes corresponding to the far field (Fig. 19).
The sonographer can manually adjust this ampli-

Distance from transducer

Fig. 19 Amplitude attenuation and compensation. The
sound wave amplitude becomes attenuated (solid line)
while traveling through a medium. Ultrasound machine

software compensates for this phenomenon by gradually
increasing the amplitude (dashed line) resulting in the
isoechoic appearance of homogenous tissue
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Fig. 20 Posterior acoustic enhancement artifact. Transverse view of the bladder is shown. Tissue deep into the bladder
falsely appears more echogenic (arrowheads) than the surrounding tissue

fication using the time-gain compensation (TGC)
settings. Posterior acoustic enhancement can be
recognized as a diffuse hyperechoic signal in
regions where it is unexpected. A common exam-
ple of this is cystic structures such as the bladder
(Fig. 20), gallbladder, and abscess cavities. As
sound waves pass through an anechoic fluid-
filled cavity (e.g., bladder), the degree of attenua-
tion is significantly less than normally predicted
in biological tissues. As the sound waves prog-
ress past the cavity, the wave amplitude is higher
than adjacent waves that did not pass through the
cavity. The software correction algorithm contin-
ues to compensate for attenuation thus overcom-
pensating without “realizing” there was less
attenuation. Thus, the tissue deep into the cavity
falsely appears more echogenic than the sur-
rounding tissue.

Reverberation and Contact Artifacts

Reverberation artifact occurs when an ultrasound
wave repeatedly echoes between two highly
echogenic specular reflectors (e.g., the pleura and
skin). With each echo, a fraction of the reflected
ultrasound wave returns to the transducer and

appears as a horizontal line. The remaining
reflected ultrasound waves continue to echo
between the specular reflectors, and with each
subsequent echo, a fraction of waves returns to be
detected by the transducer. The time required for
the ultrasound wave to travel between the specu-
lar reflectors is fixed and hence the horizontal
lines are equidistant from each other, a hallmark
of this artifact. Reverberation artifact is com-
monly observed in lung imaging where it mani-
fests in two distinctly different forms. The first,
A-lines, are caused by reverberations between
the pleura and the skin (Fig. 21a). The second,
B-lines or “comet-tails,” are caused by intra-pul-
monary reverberation and originate at the pleural
line extending to the far field edge of the screen
(Fig. 21b) [14].

Contact artifact is similar to reverberation arti-
fact and is a common occurrence among novice
sonographers. This form of reverberation artifact
is caused by not maintaining contact between the
transducer surface and the skin resulting in the
interposition of air between the two surfaces. The
ultrasound waves reverberate between the skin
surface and the surface of the transducer resulting
in a series of horizontal echogenic lines (Fig. 21c¢).
This is often due to inadvertent sliding, tilting, or
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Fig. 21 Forms of reverberation artifact. Lung ultrasound
images showing (a) equidistant horizontal A-lines (arrow-
heads) and (b) vertical B-lines or comet-tails (arrow-

rocking of the transducer but may also be due to
insufficient gel. The sonographer can avoid inad-
vertent transducer movement by anchoring the
fingers or heel of the hand to the bed or to the
patient’s skin while performing the ultrasound.
This allows the sonographer to maintain their
focus on the screen and to feel the inadvertent
movement without looking at the transducer.
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Introduction

Echocardiography has become an invaluable tool
in the pediatric and neonatal intensive care units
[1-4]. In conjunction with clinical examination
and cardiovascular monitoring techniques, echo-
cardiography and point of care ultrasound
(POCUS) can provide real-time, rapid, noninva-
sive, and reliable diagnostic answers that are
invaluable to patient care.

Echocardiography, as typically performed by
trained cardiologists, provides a comprehensive
qualitative and quantitative assessment of anatomy
and physiology in various neonatal and pediatric
conditions. Cardiac POCUS provides discrete
qualitative assessments (present/absent, mild/
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Table 1 Advantages and disadvantages to cardiac point
of care ultrasound (POCUS)

* Advantages
o Fast and immediate results
o Non-invasive exam
o Dynamic assessments
o Serial monitoring

* Disadvantages
o Highly user-dependent
o Does not provide
quantitative analysis

moderate/esvere, etc.) to answer specific questions
at the patient bedside. Cardiac POCUS should not
be used for the screening of congenital heart dis-
eases (CHDs) in all children or for comprehensive
hemodynamic evaluation in neonatal patients.
Both cardiac POCUS and complete echocar-
diography can be performed at the patient’s bed-
side, can be used in acute clinical situations, and
provide rapid assessments in order to aid in mak-
ing a diagnosis or to help in assessing responsive-
ness to treatment. In clinical practice they have
different indications and involve different train-
ing. However, basic echocardiography views are
required in both cardia POCUS as well as com-
plete echocardiography. Cardiac POCUS should
also be distinguished from targeted neonatal
echocardiography (TNE, also referred to as neo-
natologist performed echocardiography or NPE),
an emerging field of imaging for neonatologists
requiring more expansive views similar to func-
tional echocardiography, as well a unique under-
standing  of  neonatal circulation  and
hemodynamics. The advantages and disadvan-
tages of cardiac POCUS are summarized in
Table 1. The primary barrier to the universal
adoption of this “stethoscope of the future” is that
it is operator-dependent, therefore adequate train-
ing is needed in order to understand its limitations
prior to relying on the information it provides.

Basic Anatomy of the Heart
for Cardiac Ultrasound

The normal heart is situated in the left hemitho-
rax with its apex pointing anterior and inferior
towards the left side of the body. The base of the
heart is anchored by the great vessels: the aorta,
the main pulmonary artery, and the superior vena
cava. The heart consists of four chambers: two
thin walled atria and two thicker walled ventri-
cles, separated by four valves: the atrioventricu-

lar valves (the tricuspid and mitral valves) and
the semilunar valves (pulmonary and aortic
valves). The blood flows from the vena cava into
the right atrium and then flows through the tri-
leaflet tricuspid valve (recognizable by its more
apical insertion and by its septal leaflet) into the
trabeculated thin-walled right ventricle (recog-
nizable by its moderator band) to be pumped into
the lungs. The left atrium is connected to the four
pulmonary veins and blood flows through the
anterior and posterior leaflets of the mitral valve
into the smooth thick-walled left ventricle to be
pumped into the aorta through the aortic valve.

Major Indications for Functional
Echocardiography and Cardiac
POCUS Assessment

Over the last few decades, echocardiography has
been used primarily by pediatric cardiologists to
diagnose or rule out congenital heart defect
(CHD). While a comprehensive structural and
functional assessment remains the remit of a
pediatric cardiologist or clinician formally
trained in echocardiography, pediatric cardiac
POCUS can be used by a trained person for the
indications below. Given the complex cardiovas-
cular physiology and risk of duct dependent
CHDs, the scope of cardiac POCUS is further
limited in the neonatal period and should be
mainly used for emergency situations such as
detection of pericardial effusion and cardiac tam-
ponade, qualitative assessment of cardiac func-
tion on ‘eyeballing’, evaluation of line tip position
and initial rapid assessment in a crashing infant.
Children with abnormalities identified with car-
diac POCUS should have comprehensive assess-
ment by an expert [5]. Suggested cardiac POCUS
(inluding NPE) assessments include:

1. Qualitative and semi-quantitative evaluation
of cardiac function

2. Evaluation of filling pressure and fluid
responsiveness

3. Diagnosis of pericardial
tamponade

4. Guidance for interventions (pericardiocente-
sis)

effusion and
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5. Recognition of pulmonary hypertension and
estimation of pulmonary artery systolic pres-
sure (PASP) (comprehensive assessment is
out of the scope of POCUS)

6. Patency of ductus arteriosus on POCUS (a
comprehensive evaluation of ductus arterio-
sus is out of the scope of POCUS and is per-
formed on neonatologist-performed
echocardiography (NPE) or advanced func-
tional echocardiography)

7. Evaluation of transitional circulation of the
newborn (on NPE or advanced functional echo-
cardiography, and out of the scope of POCUS)

8. Evaluation of cardiac output and hemodynam-
ics (advanced functional echocardiography, out
of the scope of POCUS)

9. Evaluation of central line tip position

Echocardiography Windows
and Basic Views for the Neonatal
and Pediatric Intensivist

In order to limit respiration artifacts, the patient
should be placed in a left lateral decubitus posi-
tion with the neck slightly extended if possible.

Fig. 1 Echocardiography views refer to the
axis of the heart with parasternal long axis
(red), parasternal short axis (blue), and apical
4-chamber (green)

All planes refer to the axis of the heart and not to
its position within the body (Fig. 1).

The different views are obtained from the four
standard windows (Fig. 2).

For each window, different movements of the
probe (translation, angulation, and rotation, see
Fig. 3) will give rise to different echocardio-
graphic views. Sweeping refers to a continuous
movement of the probe made to allow imaging of
the different views for one specific window in
one clip.

The standard echocardiography views in the
neonatal and pediatric intensive care unit include:

the parasternal views including long axis and
short axis (high left thorax just lateral to the
sternum)

the apical views (left lateral thorax just infe-
rior and lateral to the nipple)

the subcostal views (below the xiphoid
region)

the suprasternal views (suprasternal notch)
for aortic arch assessment; it may be useful
for looking at line placement (jugular or sub-
clavian catheters) and is a crucial view for
the evaluation of patent ductus arteriosus

Short axis
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Fig. 2 Pediatric basic
echocardiographic
windows: parasternal
left (yellow), apical
(green), subxyphoid or
subcostal (red),
suprasternal (blue)

Translation “ Right-left
Up-down
Angulation
Clockwise-
Rotation
counterclockwise

Fig. 3 Basic movements made with the probe in order to
obtain the different echocardiography views for a specific
window

Parasternal Window

The parasternal view evaluates the heart aligned
along its long and short axis.

Parasternal long axis (PLAX): In the long
axis view (Fig. 4), the left ventricular inflow and
outflow tracts can be imaged. The aorta can be
observed, as well as its relationship to the mitral
valve (mitro-aortic continuity). The left ventric-
ular infero-posterior wall and interventricular
septum are visualized. The anterior and poste-

rior leaflets of the mitral valve can be
examined.

The standard PLAX view includes the left
atrium, left ventricle, aortic valve and right ven-
tricle (middle image, Fig. 4). From this standard
view, the probe can be tilted anteriorly (towards
left shoulder) to achieve the right ventricular
infow view (top image, Fig. 4) and posteriorly
(towards right hypochondrium) for the right ven-
tricular outflow view (bottom image, Fig. 4)
(Fig. 5).

Parasternal long axis view (PLAX): This view
is usually used for the assessment of the follow-
ing echocardiographic parameters:

— LV size and function

— RV size and function

— Interventricular septum

— Ascending aorta

— Aortic valve

— Mitral valve

— Pericardium/pericardial effusion, and differ-
entiating pericardial effusion from pleural
effusion

Parasternal short axis (PSAX): A 90° clock-
wise rotation will provide the short axis views
(Fig. 6), providing an evaluation of the heart cham-
bers, the semilunar and atrioventricular valves,
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Fig. 4 Parasternal long axis view (PLAX). Standard
PLAX echocardiographic image planes from the high left
chest just lateral to the sternum with marker towards the
right shoulder. Ao aortic valve, CS coronary sinus, /VC
inferior vena cava, IVS interventricular septum, LA left

atrium, LPA left pulmonary artery, LV left ventricle, MV
mitral valve, PA pulmonary artery, PV Pulmonary valve,
PVs Pulmonary veins, RA right atrium, RPA right pulmo-
nary artery, RV right ventricle, TV tricuspid valve, RVOT
right ventricular outflow tract, SVC superior vena cava

Copyright@ SheenGahlautd YogenSingh

Fig.5 Parasternal long axis views: (1) Right ventricular inflow view, (2) Standard parasternal long axis (PLAX) view,
and (3) PLAX right ventricular inflow view. (Courtesy: Sheen Gahlaut)
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Fig. 6 Parasternal short axis view at the base, mitral valve, and papillary muscles level

and the coronary arteries. The ventricular cham-
bers can be examined by sweeping from the apex
towards the base of the heart. The left ventricle has
circular geometry with symmetric contraction.
The right ventricle is trabeculated and crescent-
shaped in short axis views. Sweeping further to the
base of the heart will show the papillary muscles
followed by the mitral valve annulus. Continued
sweep to the base of the heart will allow imaging
of the tri-leaflet aortic valve, the right ventricular
outflow tract and the pulmonary artery as it
“wraps” itself anteriorly and to the left. Part of the
atrial septum and the tricuspid valve may be seen.

Progressive sweep permits the examination of the
branch pulmonary arteries (Fig. 7).

Parasternal short axis view (PSAX) can be
used for the following echocardiographic
parameters:

— LV size and function

— RV size and function

— Assessment of the interventricular septum for
flattening (in cases with pulmonary hyperten-
sion or right ventricle volume overloading)

— Aortic valve

Mitral valve
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Fig.7 Parasternal short axis sweep views at (1) base of heart, (2) mitral valve level, (3) papillary muscles level, and (4)

at the apex. (Courtesy: Sheen Gahlaut and Yogen Singh)

— Eccentricity index (EI) for evaluation of pul-
monary hypertension
— RV to LV ratio

Apical Window

The apical position (Fig. 8) allows visualization of
all four chambers and heart valves with a left-to-
right orientation. The four-chamber view identifies
the anatomic right and left ventricles. The coro-
nary sinus can be visualized from a posterior
sweep while tilting the transducer anteriorly will
show the apical five-chamber (A5C) view in which
the atrial and ventricular septa may be imaged, and
the left ventricular outflow tract and ascending
aorta may also be examined. The mitral valve leaf-
lets and pulmonary veins as they enter the left
atrium can also be seen in the ASC view. Turning
the transducer 60° clockwise will bring a three-
chamber view which shows the sub-aortic struc-
tures and is best for Doppler measurements of the

left ventricular outflow tract. Turning the trans-
ducer 90° counterclockwise from the four-cham-
ber view will produce a two-chamber view of the
left ventricle and left atrium. This view is best to
evaluate anterior and posterior left ventricular wall
function.

The right ventricular outflow, ASC and poste-
rior views should be considered advanced and are
acquired by tilting the probe as demonstrated in
Fig. 9.

Apical views can be used in the assessment of
the following echocardiographic parameters:

— Left ventricle and atrium morphology and left
ventricular function

— Right ventricle and atrium morphology and
right ventricular function

— Aortic valve

— Mitral valve

— Tricuspid valve

— Estimation of pulmonary artery systolic pres-
sure (PASP) from tricuspid regurgitation
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Fig. 8 Apical views from anterior to posterior (inverted picture as often used by the pediatric cardiologist)
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Fig. 9 Apical sweep views at level of (1) Apical right ventricular outflow tract, (2) apical left ventricular flow tract, (3)
classical apical 4-chamber, and (4) apical posterior views. (Courtesy: Sheen Gahlaut and Yogen Singh)

— Tricuspid annular pan-systolic excursion
(TAPSE) for right ventricle systolic
function

— Left ventricular outflow velocity time integral
(VTI) from apical 5-chamber view—for cal-
culation of left ventricular cardiac output

Subcostal Window

The subcostal view provides comprehensive
information, especially in the neonatal period.

Children are placed supine with the transducer in
the subxiphoid position. In older cooperative
children, better image quality may be achieved
by having the child hold his breath allowing the
heart to move downwards towards the
transducer.

Subcostal views (Fig. 10) provide detailed
imaging of the entire heart (atrial and ventricular
septum, atrioventricular valves, atrial and ventric-
ular chambers, and systemic venous return) though
in older children cardiac views may demonstrate
poorer resolution with the increased distance from
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Fig. 10 Subcostal views (inverted picture used by the pediatric cardiologist)

the heart to the probe. Rotating the transducer will
permit images of both ventricular outflow tracts.
Even the peripheral pulmonary arteries and the
aorta may be examined from this position in some
patients. This view is prioritized in cardiac arrest
scenarios in which the chest is unavailable for
imaging due to ongoing compressions. This view
may also be ideal in critically ill children with
obstructive lung diseases precluding transmission
of ultrasound waves due to overdistended aerated
lung overlying the cardiac structure.

Subcostal sweep views may be obtained by
tilting the probe at different levels as illustrated in
Fig. 11.

Subcostal views are used for the assessment of
the following echocardiographic parameters:

— Left ventricle and atrium morphology and left
ventricular function

— Right ventricle and atrium morphology and
right ventricular function

— Intra-atrial septum (and intra-atrial shunt
evaluation)

— Mitral valve

— Tricuspid valve

— Pericardium and pericardial effusion

— Superior vena cava (SVC) imaging and
Doppler
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Fig. 11 Subcostal sweep views at level of (1) subcostal
coronal posterior, (2) subcostal coronal anterior for supe-
rior vena cava (SVC), and (3) right ventricular outflow
tract (RVOT). (Courtesy: Sheen Gahlaut and Yogen Singh)

Transverse subcostal views help to immedi-
ately determine visceral situs as well as the rela-
tionship between the inferior vena cava
(right-sided) and aorta (left-sided) of the midline.
Longitudinal views will allow imaging of the
aorta and inferior vena cava thus allowing evalu-
ation of the right heart filling pressure (Fig. 12).

Sob-costal longitudinal views of IVC and
aorta are obtained by tilting the probe to the right
and left, respectively, in a child with abdominal
situs solitus as demonstrated in Fig. 13.

Subcostal coronal and longitudinal views are
used to assess the following echocardiographic
parameters:

— Abdominal situs

— Abdominal aorta

— Inferior vena cava

— To check the position of umbilical venous and
arterial catheters

Suprasternal Window

The suprasternal views are obtained by placing
the transducer in the suprasternal notch with the
child’s neck extended and slightly turned to the
left. The suprasternal long and short axis views
(Fig. 14) give information regarding the ascend-
ing and descending aorta and head and neck ves-
sels, the branching of the pulmonary arteries, the
systemic upper venous return (superior vena cava
and innominate vein) as well as malformations of
the pulmonary veins. A patent ductus arteriosus
can also be imaged in this view via ductal cut,
obtained by tilting the duct towards left and slight
anti-clockwise rotation. Note that the suprasternal
views become more challenging in older patients.
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Fig. 12 Subcostal transverse and longitudinal views of aorta and IVC

In the suprasternal windows, by tilting
the probe from right to left, different structures
can be imaged as demonstrated in Fig. 15.
By rotating the probe clockwise the “crab
view” can be obtained (Fig. 16).

Suprasternal views can be used for the assess-
ment of the following echocardiographic
parameters:

Aortic arch with head/neck vessels

Superior vena cava and innominate vein
Pulmonary veins to left atrium

Patent ductus arteriosus evaluation for size,
direction of shunt, and Doppler
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Fig. 13 Subcostal short axis view (1) to assess
abdominal situs and subcostal longitudinal (sagittal
views obtained by rotating the probe 90° counter
clockwise; the aorta should be on the left side of the
patient and inferior vena cava on the left), (2) descending
aorta with celiac axis and superior mesenteric artery, and
(3) inferior vena cava with ductus venosus and hepatic
vein. (Courtesy: Sheen Gahlaut and Yogen Singh)
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Fig. 14 Suprasternal views to visualize arch, superior vena cava (SVC), and crab view to visualize pulmonary veins
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Fig. 15 Suprasternal arch views at the level of (1) superior vena cava, (2) arch, and ductal duct. (Courtesy: Sheen
Gahlaut and Yogen Singh)
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Fig.16 “Crab view” obtained by rotating the probe clockwise until marker towards the left (3 O’clock) and then tilting
posteriorly from the suprasternal view. (Courtesy: Sheen Gahlaut and Yogen Singh)

Conclusion

Quality echocardiographic imaging is crucial to
obtain accurate structural and/or functional infor-
mation. Sub-optimal imaging may lead to interpre-
tative inaccuracy and inappropriate interventions.
Cardiac POCUS uses standard views to answer
focused questions relevant to the immediate or
ongoing care of the critically ill child. Further
chapters discuss the incorporation of cardiac
POCUS in a number of clinical conditions.
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Introduction

The use of ultrasound by non-radiology clinicians
has steadily increased with now over 11,000 pub-
lications on point-of-care ultrasound (POCUS) in
the national library of medicine, and over 600 in
the last year. This technology is now ubiquitous in
the critical care setting and most training pro-
grams will provide a curriculum for POCUS edu-
cation [1-5]. One of the most used POCUS
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applications in children is the assessment of
hemodynamic perturbation. Hemodynamics is
the complex interplay of numerous physiologic
variables working together to provide oxygen and
adequate perfusion to the end organs (Fig. 1).
Shock is the inability of the system to balance
hemodynamics such that there is inadequate end
organ systemic support.

Preload, contractility, and afterload are terms
characterizing conditions impacting cardiac
stroke volume. Categories of shock classification
such as hypovolemic, cardiogenic, obstructive,
and distributive shock attempt to define distinct
pathophysiologic patterns suggestive of specific
therapeutic interventions. Historically, critical
care physicians used the pulmonary artery cath-
eter (PAC) to derive real-time physiologic data
to assess hemodynamic profiles and guide thera-
pies. This device has fallen out of favor in cur-
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Shock type
Hemodynamic variables
Hemodynamic goals

Obstructive

Afterload

Cardiogenic  Contractility

Preload

Hypovolemic

Fig. 1 The interaction between hemodynamic variables
results in end organ oxygen delivery and perfusion pres-
sure. Abnormalities in hemodynamic variables result in
our simplified categorization of shock as hypovolemic,
cardiogenic, obstructive, and distributive. Recognize that

rent practice as literature demonstrated no
benefit in patient outcomes when integrated into
care and suggested potential harm from the cath-
eter itself [6].

Without PAC data, clinicians sought to char-
acterize hemodynamics using less invasive tech-
nologies, laboratory values, clinical exam
findings, and bedside monitor data. Early Goal-
Directed Therapy (EGDT) characterized preload,
contractility, and afterload by using clinical “sur-
rogate” markers of core hemodynamic variables
and demonstrated remarkable outcome success
as mortality significantly declined in patients
with septic shock [7]. Unfortunately, attempts at
replicating this study did not achieve similar out-
come benefits suggesting that the success of
EGDT was likely more from the standardization
of care than the clinical methods of hemody-
namic characterization [8].

Despite our best attempts at characterizing
physiology at the bedside, we know that many of
our physical exam findings and laboratory values
are inadequate in assessing individual hemody-
namic profile and that surrogate markers of
hemodynamic variables can lack accuracy and
precision in both adults and children [9, 10].
Ultrasound allows for the direct visualization and
both qualitative and qualitative assessment of
many core hemodynamic variables. This chapter

Hemoglobin —
Heart Rat Oxygen
Delivery
Cardiac __|
Output 7
— Stroke Mean
Volume —Arterial
Systemic Pressure
Vascular —
Resistance
Distributive

these categories may be in isolation from one another,
may overlap with one another, and may evolve through
the course of disease. Ultrasound is a tool to improve our
understanding of hemodynamic variables to inform man-
agement decisions

discusses how ultrasound can be used to assess
preload (fluid responsiveness), contractility, and
afterload conditions relevant to stabilizing the
pediatric patient with hypotension and shock.
Further, we will discuss methods of standardiz-
ing a clinical assessment of hemodynamics using
ultrasound and propose an algorithmic approach
to evaluation and management.

The Concept of Fluid
Responsiveness

The optimal fluid status of a patient can be
defined as the ideal intravascular volume to main-
tain adequate end organ perfusion. As a patient’s
intravascular volume status changes, so do their
cardiovascular, respiratory, and renal physiology.
Fluid responsiveness can be defined as the ability
of the left ventricle to increase its stroke volume
in response to fluid administration [11]. In the
research literature, fluid responsiveness is typi-
cally defined as a >10-15% increase in stroke
volume or cardiac output in response to a
10-20 mL/kg fluid bolus [12]. The European
Society of Pediatric and Neonatal Intensive Care
recently published evidence-based guidelines on
POCUS [13]. These guidelines assessed a total of
41 recommendations with a strong agreement in
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22 on the use of POCUS in neonatal and pediatric
critical care. The use of POCUS to assess fluid
responsiveness in neonates and children was one
of the recommendations with a strong
agreement.

Fluid Responsiveness Assessment
Methods

Restoring the volume status of a pediatric patient
in shock is important since excessive fluid admin-
istration may have deleterious effects [14]. The
assessment of a patient’s response to volume
expansion presents challenges for clinicians.
Fluid responsiveness has been evaluated in vari-
ous clinical conditions characterized by acute cir-
culatory failure. Measurement parameters to
suggest fluid responsiveness have been catego-
rized as either static or dynamic (Table 1).

Static Parameters

Static parameters for the assessment of fluid
responsiveness can be defined as a fixed or “static”
measure. For example, an elevated heart rate is a
static parameter that may indicate fluid respon-

Table 1 Examples of fluid responsiveness assessment
methods

Dynamic
Measurement | Static parameter parameter
Invasive Central venous Systolic
pressure pressure
variation
Pulmonary artery | Pulse pressure
occlusion pressure | variation
Stroke volume
variation
Noninvasive Left ventricular Inferior vena
POCUS end diastolic area | cava variation
Left ventricular Superior vena
end diastolic cava variation
volume

Inferior vena cava

Aortic outflow

maximum variation
diameter
Clinical exam | Heart rate Systolic blood
pressure
variation

Systolic blood
pressure

siveness in the appropriate clinical setting. There
are several static parameters used for the assess-
ment of fluid responsiveness using ultrasound:

1. Areas and volumes

(a) Left ventricular end diastolic area
(b) Left ventricular end diastolic volume

Areas and volumes have been reported as
reproducible indicators of preload. However, left
ventricular end diastolic area and volume have
been reported as poor predictors of fluid respon-
siveness in critically ill adult patients [15].

2. Diameters

(a) Inferior vena cava maximum diameter
(b) IVC to aorta ratio

IVC maximum diameter is a commonly
used ultrasound parameter for the assessment
of volume status in adults. There is evidence
from adult studies suggesting that inferior
vena cava diameter is lower in hypovolemic
patients and that IVC size is associated with
right atrial pressure [16]. Unfortunately, this
relationship with central pressure does not
imply volume responsiveness since there is
robust literature indicating that central venous
pressure is a poor predictor of intravascular
volume or volume responsiveness [17]. In
pediatrics, absolute measurements of size will
always need to be contextual to the age and
clinical condition of a patient. Obviously, the
size of an IVC will be different between an
infant and an adolescent as well as between a
patient supported with positive pressure venti-
lation compared to one spontaneously breath-
ing. Nephrologists exploring noninvasive
methods of assessing dry weight measured the
ratio of the IVC diameter to the aorta diameter
in cross-sectional views. They identified that
euvolemic children typically had an IVC to
aorta ratio of ~1.2 [18]. This ratio has been
validated as a relevant measure in the assess-
ment of dehydrated children in low-resource
settings but also suffers from some of the
same limitations of static [IVC measurements
[19]. The use of both ultrasound and non-
ultrasound-based static parameters is typi-
cally limited by poor specificity in the
pediatric population [12].



50

S. Flores et al.

Dynamic Parameters

Dynamic parameters for the assessment of fluid
responsiveness can be defined as the changes
induced in the cardiovascular system after pro-
voking a change in preload. The change in pre-
load is typically achieved by physiologic
variations that occur during the respiratory cycle.
The physiologic basis for the dynamic changes of
preload during the respiratory cycle (both during
positive and negative pressure ventilation) can be
summarized as the cyclic variation of right ven-
tricular stroke volume via changes in venous
return by alterations in afterload conditions
imposed by ventilatory mechanics. There are sev-
eral ultrasound-based parameters used for the
assessment of fluid responsiveness. The most
studied measurement is the respiratory variation
of inferior vena cava. Inferior vena cava variation
is best assessed in the subcostal sagittal view dis-
tal to its confluence with the hepatic veins. In
spontaneously breathing adults and children with
normal right atrial pressure, inferior vena cava
collapse of more than 50% is indicative of fluid
responsiveness. A dilated inferior vena cava in
spontaneously breathing patients with variation
less than 50% may be a sign of elevated right
atrial pressure and may not necessarily indicate
fluid status in varied clinical contexts [20]. In
adults, the literature supports IVC distensibility
>15-20% as predictive of fluid responsiveness in
paralyzed intubated patients [20, 21]. Pediatric
studies have not identified optimal cutoffs for
identifying fluid responsiveness in intubated
children.

Flow Velocity

The measurement of systemic blood flow veloc-
ity variation during the respiratory cycle provides
the highest sensitivity, specificity, and predictive
value of all the dynamic parameter measurement
techniques. It has been validated in both pediatric
and adult patients as well as spontaneously
breathing and intubated patients [13, 20, 22]. The
three most common areas for assessment of the
flow velocity variation are the left ventricular
outflow tract, aorta, and carotid artery. The veloc-
ity time integral (VTI) is another measure utiliz-

ing blood flow velocity to identify fluid-responsive
patients.

Assessing and measuring flow velocities
requires advanced POCUS skills to acquire an
adequate apical 5-chamber view of the heart. The
image should allow for Doppler alignment mini-
mizing the angle of insonation (less than 20°) for
adequate velocity measures. The left ventricular
VTI is calculated by placing the pulsed Doppler
sample volume in the outflow tract below the aor-
tic valve and recording the velocity. When the
velocity signal is integrated with time, the dis-
tance blood moves with each systole is calculated
in cm/systole [23]. A variation larger than 15%
has been reported as helpful to assess fluid
responsiveness [24].

Fluid Challenge

The fluid challenge method consists of monitor-
ing changes in stroke volume and cardiac output
in response to a fluid bolus. Stroke volume and
cardiac output can be measured using invasive
techniques (e.g., transpulmonary thermodilution)
though this data is rarely available at the bedside
in the current context of medical practice in the
pediatric intensive care setting. The fluid chal-
lenge maneuvers can be classified as follows
(Table 2):

1. Spontaneously breathing patients

(a) Passive leg raising
(b) Mini-fluid challenge
(c) Ten-second fluid challenge

Passive leg raising induces an increase in
the preload via an increase in venous blood
return from the lower extremities to the heart.
This test utilizes the fluid present in the body
and does not expose patients to unnecessary

Table 2 Fluid challenge method

Ventilation type | Type of fluid challenge

Spontaneous Passive leg rise

breathing Mini-fluid challenge
Ten-second fluid challenge

Intubated End expiratory occlusion

patients Positive end expiratory pressure
induce hemodynamic changes
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exposure to excess fluid, particularly concern-
ing for the patient who is found not to be a
fluid responder. There are currently no spe-
cific guidelines in pediatric patients to detect
fluid responsiveness during passive leg rais-
ing. Based on adult data the best cut-off value
for detecting fluid responsiveness is a 10%
increase in aortic blood flow by Doppler [25].

The mini-fluid challenge is completed by
administering a colloid fluid bolus with a con-
comitant assessment of the aortic velocity
time integral over 1 min [26]. The ten-second
fluid challenge uses crystalloid solution
instead of colloid solution and is administered
over 10 seconds [27].

2. Intubated patients
(a) End expiratory occlusion
(b) Positive end expiratory pressure-induced
hemodynamic changes

End expiratory occlusion is performed in
intubated patients by imposing a 15 second
interruption in mechanical ventilation while
monitoring the stroke volume. Similar to the
passive leg rising, the end expiratory occlusion
tends to attenuate the effects of respiration on
the venous return [28]. The measurement of
positive end expiratory pressure-induced hemo-
dynamic change was introduced in an effort to
overcome the effects of the ventilator on fluid
responsiveness. The principle of this maneuver
is to increase the central venous pressure by
increasing the positive end expiratory pressure
to predict fluid responsiveness [29].

Integrating Fluid Responsiveness
in the Hemodynamic Assessment
of Shock

Shock is a complex clinical syndrome that often
presents in children with critical illness [30]. If a
child’s clinical presentation is consistent with
shock, a clinician should try to understand the
underlying physiology before tailoring manage-
ment. The pathophysiology of shock can be sum-
marized as the failure of the cardiovascular
system to deliver adequate oxygen and glucose to
the cells [30, 31].

The cardiac output (CO) is calculated by mul-
tiplying the heart rate (HR) with the stroke vol-
ume (SV) (Fig. 1). In pediatric patient, CO is
more dependent on heart rate (HR) than on stroke
volume (SV) compared to adults due to the lack
of ventricular muscle mass. Tachycardia is the
child’s principal means of compensation to main-
tain an adequate CO. As shock progresses, a fur-
ther increase in HR may no longer be beneficial
due to reduced ventricular diastolic filling time.
Consequently, there is an increase in systemic
vascular resistance through peripheral vasocon-
striction mechanisms, which are mediated by the
sympathetic nervous system and the renin-
angiotensin-aldosterone system.

CO is maintained by optimizing preload, con-
tractility, and afterload, which are the determi-
nants of stroke volume SV. These neurohumoral
mechanisms maintain blood pressure, tissue per-
fusion, and metabolic delivery, which creates a
compensatory state in shock [32]. Eventually, the
compensatory mechanisms become overwhelmed
and pathophysiological derangements worsen,
which is the progressive state of shock. In pediat-
ric patients, blood pressure can often be pre-
served in the compensatory state of shock
therefore blood pressure is often a late indicator
of cardiovascular collapse. Thus, waiting for
hypotension to develop before assessment and
treatment may result in delays in necessary clini-
cal support indicated by other clinical findings
[32]. POCUS can help to gather information
about preload (as previously discussed), contrac-
tility, and afterload during clinical care.

POCUS can be considered an extension of the
bedside clinical assessment when used in con-
junction with standard examination techniques
[33]. The provider must keep in mind that shock
can have more than one pathophysiologic pro-
cess. For instance, sepsis can start with reduced
systemic vascular resistance but can evolve into
hypovolemia due to capillary leak and depressed
cardiac function due to acidosis, reduced coro-
nary perfusion, and/or primary myocyte dysfunc-
tion [32]. Therefore, sepsis can present with
distributive, hypovolemic, and cardiogenic shock
alone or overlapping one another. Identifying
shock type early in care is important in determin-
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ing steps in management in patients with circula-
tory failure [32]. Early integration of bedside
ultrasound data may answer essential questions
(Fig. 2) and inform therapeutic decisions that will
impact clinical outcomes [33].

The rapid ultrasound for shock and hypotension
(RUSH) protocol provides a framework for clini-
cians to obtain information that would help to
determine the pathophysiology and subsequent
management of the shock (Table 3) [34]. Given that
many shock causes are age-independent, the adult

RUSH protocol can be adapted to pediatric and
neonatal practice. There are some age-dependent
conditions, though, which may allow pediatric cli-
nicians to streamline assessments. For example, the
burden of clots predisposing children to life-threat-
ening pulmonary embolism is far less than in adults
and exhaustive assessments for DVTs may not be
valuable time spent. Further, abdominal aortic
aneurysms are seen almost exclusively in adult
populations rendering learning this assessment
unnecessary for most pediatric providers.

Is there evidence of
pulmonary edema?
Is the heart full or empty?

Is the IVC distended or
collapsible?

Are there signs of fluid
loss (e.g. effusions,

Are the ventricles ejecting
blood adequately?

What is the qualitative
ventricular systolic
function?

Are the atria or ventricles
dilated?

Is there a pericardial
effusion?

Does the clinical context
raise concern for
tamponade physiology?

Is there a tension
pneumothorax?

hemorrhage)

Are there pleural
effusions?

Fig. 2 Clinical questions regarding shock states that can be answered using point of care ultrasound

Table 3 Rapid Ultrasound in Shock (RUSH) protocol to assess shock state

Evaluation Hypovolemic shock | Cardiogenic shock Obstructive shock Distributive shock
Pump/ Hypercontractile Hypocontractile Hyper- or hypocontractile | Hypercontractile
Contractility | heart heart heart heart (early sepsis)

Small cardiac Dilated cardiac

Pericardial effusion with Hypocontractile heart

chamber size chambers clinical concern for (late sepsis)
tamponade
Right ventricular dilation
Cardiac thrombus
Tank/Preload | Flat IVC/IVC Distended IVC Distended IVC Normal or small IVC

respiratory variation | Lung rockets

Peritoneal fluid (fluid | (pulmonary edema) | (pneumothorax)

Absent lung sliding (early sepsis)

Peritoneal fluid

loss) Pleural fluid (sepsis source)
Pleural fluid (fluid Peritoneal fluid Pleural fluid (sepsis
loss) (ascites) source)

Pipes/ Abdominal aneurysm | Normal DVT Normal

Afterload Aortic dissection
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Types of Shock and Ultrasound
Assessment

(a) Hypovolemic
(b) Cardiogenic
(c) Obstructive
(d) Distributive

Hypovolemic shock presents with a reduction
in circulating volume. Examples of hypovolemic
shock include hemorrhage, vomiting/diarrhea,
diabetes ketoacidosis, and burn injuries [35]. We
can identify multiple signs compatible with
hypovolemic shock using the POCUS protocol.
In a spontaneously breathing child, an elliptical
or flat IVC with respiratory collapse >50% of the
vessel diameter suggests a fluid responsive clini-
cal state. Absent B-lines in the anterior and lat-
eral aspects of the lungs are consistent with the
absence of pulmonary edema. The empty left
ventricle and hyperdynamic heart in at least two
different views lend support to hypovolemic
physiology. Evidence of intravascular fluid loss
in either the abdomen or thorax following trauma
may help to identify an etiology underlying the
physiology. All these findings are consistent with
low preload, normal contractility, and likely nor-
mal afterload physiologies. However, the after-
load can be increased as the neurohumoral
compensatory mechanism of shock gets activated
or may be decreased due to insufficient (e.g.,
overwhelming sepsis) or dysregulated (e.g., adre-
nal insufficiency) compensatory mechanisms.

Cardiogenic shock results in a decline in car-
diac output due to reduced myocardial function
or cardiac damage. Examples of cardiogenic
shock are myocardial infarction, cardiac failure,
arrhythmias, septic shock, and post-cardiac sur-
gery [35]. In this type of shock, clinicians may
encounter the following POCUS finding in the
assessment of the heart: dilated ventricle(s) and
atria, reduced movement of ventricle walls, evi-
dence of valve regurgitation, distended IVC, and
well-filled ventricles among others. On the
assessment of the lung, B-lines and other signs of
volume overload may be found. Direct visualiza-
tion of the heart will reveal decreased contractil-
ity of one or both ventricles. Similar to
hypovolemic shock, the afterload may be

increased or decreased. Since qualitative and
quantitative ultrasound measures of cardiac func-
tion are load dependent, frequent reassessments
of contractility should be undertaken to evaluate
responsiveness to therapy as well as to better
define loading conditions.

Obstructive shock presents with mechanical
obstruction that reduces CO. Examples of
obstructive shock are cardiac tamponade, pneu-
mothorax, and massive pulmonary embolism
(PE) [35]. A distended IVC, presence of a peri-
cardial effusion, dilated right ventricle, or bow-
ing interventricular septum into the left ventricle
among other findings may be identified in
obstructive states. A distended or minimally col-
lapsible IVC suggests a high-volume state or
potential obstructive physiology. POCUS fea-
tures of pneumothorax or pleural effusions may
further identify the etiology of the obstructive
process. Despite a distended IVC, preload to the
right ventricle will be decreased in pericardial
effusion and pneumothorax due to intra- and
extracardiac pressure equilibration. In obstruc-
tive processes involving the pulmonary vascula-
ture, including PE and pulmonary hypertension,
preload to the left ventricle is predominant
thereby limiting systemic cardiac output. Cardiac
contractility of either or both ventricles may be
preserved or even hyperdynamic in the early
stages of obstructive shock as the heart attempts
to maintain adequate cardiac output.

Distributive shock is an abnormality of blood
flow distribution despite standard or high cardiac
output. Examples of distributive shock are septic
shock, anaphylaxis, and neurogenic shock [35].
Distributive shock is challenging to evaluate as
there are currently no methods of directly visual-
izing vasomotor tone using ultrasound.
Experientially, the diagnosis of distributive shock
integrates ultrasound findings with clinical assess-
ment and therapeutic responsiveness. For exam-
ple, the spontaneously breathing child presenting
to the intensive care unit with sepsis and hypoten-
sion following fluid loading may demonstrate
minimal IVC respiratory variation, normal biven-
tricular systolic function, and no evidence of an
obstructive process. Therefore, the initial manage-
ment strategy may be selection of a pharmacologic
agent preferentially targeting vascular tone to
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Absent

Present
Administer
inotrope

Present
Administer
fluid

Absent Absent

Present
Correct
obstructive
Process

Administer
pressor

Fig. 3 Suggested algorithm for evaluation and management of pediatric shock when integrating ultrasound in clinical

care

improve blood pressure. Similarly, the intubated
child presenting to the intensive care unit with
hypotension following cardiac arrest with dimin-
ished myocardial function may initially be treated
with medications to improve inotropy. Subsequent
POCUS evaluations may demonstrate improved
myocardial functioning despite the recurrence of
hypotension. Although post-cardiac arrest syn-
drome may be characterized by early myocardial
dysfunction amenable to pharmacologic support,
it is also characterized by an ischemic reperfusion
response which may persist, and POCUS findings
may identify this transition in physiology suggest-
ing the initiation of pharmacologic agents to target
vasomotor tone. Thus, distributive shock may be a
diagnosis of exclusion when using ultrasound to
guide management decisions in a hypotensive
patient, and ultrasound findings should always be
placed in the clinical context and within the scope
of clinical experience.

Clinical Considerations
The management of a pediatric patient in shock

should be tailored to address the underlying cause
[33]. The Advanced Pediatric Life Support guide-

lines suggest a trial of volume resuscitation when
we still do not know the cause of shock in the ini-
tial stages of management; however, with the
information gained from POCUS, a child with
myocardial dysfunction may be preferentially
treated with inotropes with limited fluid adminis-
tration [33, 34]. After any intervention, the POCUS
examination can be repeated, and this reassess-
ment helps confirm that the selected management
is improving the physiologic perturbation. A basic
evaluative and management algorithm is presented
in Fig. 3. There is some evidence that a POCUS
algorithm aligns to improve pediatric clinician
diagnostic accuracy and patient outcome [36]. It
may also reduce the number of unnecessary inter-
ventions, the time to diagnosis, and initiation of
more specific management [33].

Conclusion

Pediatric acute care providers commonly encoun-
ter shock and hypotension in the clinical setting.
Despite attempts at characterizing hemodynamic
profiles using clinical exam, laboratory data, bed-
side monitoring, and other invasive devices, these
data elements often lack accuracy and precision
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regarding the core hemodynamic variables they
are supposed to represent. Ultrasound technology
allows us to directly visualize many of these vari-
ables in real time which allows for the delivery of
timely and targeted therapies. POCUS studies
can be longitudinally employed to monitor
response to therapies as well as better understand
protean physiology. Developing an ultrasound
algorithm to standardize methods of assessment
may improve provider identification of shock
state as well as patient outcomes and is an impor-
tant next-step pursuit for research within the
pediatric POCUS community.
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Introduction

Hemodynamic instability is common in sick neo-
nates and children requiring intensive care man-
agement. Cardiac point of care ultrasound
(POCUS) can be used in assessing cardiac func-
tion and may help in understanding the underly-
ing pathophysiology in infants and children with
hemodynamic instability [1-6]. Physiological
information from cardiac POCUS, in conjunction
with other clinical parameters and hemodynamic
monitoring tools, can be used in choosing fluid
resuscitation therapy or appropriate inotropic or
vasopressor/vasodilator pharmacologic agents
[7]. While some infants with septic shock or
those with hemodynamic instability may need
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fluid resuscitation therapy, aggressive fluid
boluses can be hazardous in infants with cardio-
genic shock or those with poor cardiac function.
Similarly, acute pulmonary hypertension is com-
mon in neonatal shock and early recognition of
increased pulmonary afterload may help in early
institution of pulmonary vasodilator therapy [8,
9]. A complete evaluation of pulmonary hyper-
tension and hemodynamic assessment requires
comprehensive echocardiographic evaluation in
the neonatal patient. Cardiac POCUS can be used
for rapid qualitative assessment of left ventricle
(LV) function in emergency situations. However,
the clinicians performing cardiac POCUS assess-
ments should have good understanding of left
ventricle anatomy, physiology, echocardio-
graphic parameters used for LV function assess-
ment and their limitations, especially when
performed by a non-expert in echocardiography.

Left Ventricular Anatomy
and Physiology

The left ventricle is comprised of an inlet, apical
trabecular, and outlet portion. The left ventricular
wall is smoother compared to the right ventricle

Fig. 1 Shape of the left
ventricle approximating
a cone (or bullet) with
the crescent shaped right
ventricle “hugging” it.
BA - base, M - medial,
APE - apex of the heart,
and 1-6 are the different
segments of left ventricle
posterior wall and
interventricular

septum (1VS)

and is thinner at the apex. The shape of the left
ventricle approximates a cone (or bullet) with the
crescent shaped right ventricle ‘hugging’ it and
with the left ventricular outlet overlapping the
inlet (Fig. 1).

The ventricular septum is curved and con-
vexed towards right ventricular cavity. The mitral
valve is comprised of two leaflets different in
structure (an anteromedial and a posterolateral
leaflet), a fibrous ring at the atrioventricular junc-
tion known as the mitral annulus, tendinous
chords, and papillary muscles. The papillary
muscles are supporting the mitral valve and are
an integral component of the left ventricular wall
disposed in anterolateral and posteromedial loca-
tions in the short axis plane (Fig. 2).

Left ventricular systole follows the depolar-
ization of the ventricles and is represented by the
QRS complex in the electrocardiogram. At the
end of atrial systole, and just prior to ventricular
contraction, the left ventricle contains about
130 mL of blood in an adult which is called the
left ventricle end-diastolic volume (LVEDV) or
preload. As the left ventricle starts contracting,
the ventricular pressure rises until it is higher
than the left atrial pressure allowing for mitral
valve closure (isovolumic contraction phase).

APE



Echocardiographic Evaluation of Left Ventricular Function and Hemodynamic Status 59

Fig. 2 Echocardiographic parasternal short axis view
showing the left ventricle from the apex to the base, with
the mitral valve apparatus (papillary muscles and

When the left ventricular pressure has raised until
it is higher than the aortic pressure, the aortic
valve opens (ejection phase). The quantity of
blood pumped into the aorta is called the stroke
volume (about 70 mL for an adult) and is the
same for both ventricles (in the absence of a
shunting lesion), whereas some blood will stay in
the left ventricle and is called the left ventri-
cle end-systolic volume (LVESV).

Left ventricular diastole follows repolariza-
tion of the ventricles and is represented by the
T-wave of the electrocardiogram. During the
early phase, the pressure within the ventricle

mitral leaflets). /VS interventricular septum, LVPW left
ventricle posterior wall, RV - right ventricle, LV - left ven-
tricle, MV - mitral valve, PM - papillary muscle

begins to fall until it drops below the pressure of
the aorta, producing the dicrotic notch (small
dip) seen in blood pressure tracings. The aortic
valve closes while the mitral valve remains
closed at this point, allowing for no change in
the left ventricular volume (isovolumic relax-
ation phase). During late ventricular diastole,
the left ventricle continues to relax until its pres-
sure drops below the atrial pressure, allowing
for blood to flow from the left atrium into the
left ventricle, pushing up and opening the mitral
valve. Blood flows from the pulmonary veins
into the relaxed left atrium and ventricle (Fig. 3)
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Fig. 3 Pressure and volume tracings of the left ventricle
and left atrium over the cardiac cycle: (1) Isovolumic con-
traction indicated by the QRS wave of the ECG. (2)
Opening of the aortic valve allowing for aortic ejection.

Measurement of Cardiac
Dimensions

Cardiac dimensions are essential in the evaluation
of ventricular function in newborns and children.
The heart chambers increase progressively after
birth, reaching 50% of their adult size at birth,
75% by 5 years, and 90% by 12 years of age [10].

Ventricular size is measured by M-mode and
is done using the leading edge-to-leading edge
technique. The left ventricular M-mode tracing is
obtained from the parasternal long axis or short
axis view (Fig. 4).

Accuracy and consistency of M-mode assess-
ment site is essential because ventricular contrac-
tion is not uniform from the base to the apex.
End-diastole can be measured at the beginning of
the QRS complex [11] but taking the measure-
ments at the largest and smallest ventricular
diameter may be more pertinent.

Quantification of cardiac chambers and car-
diac structure dimensions implies reporting the
measurements as Z-scores [12, 13]. Increased left
ventricular end-diastolic dimension can be seen
in volume loading conditions (shunt lesions or
valve regurgitation) or in left ventricular dysfunc-
tion (dilated cardiomyopathy) [7]. Increased wall

Aortic pressure

Atrial pressure
Ventricular pressure

Ventricular volume

"‘-‘:— Electrocardiogram

(3) Aortic valve closure allowing for isovolumic relax-
ation. (4) Filling of the left ventricle (diastole) with initial
slow filling followed by atrial contraction-related filling

thickness can occur in pressure loading condi-
tions (valve stenosis) or infiltrative disorders
(hypertrophic cardiomyopathy,
mucopolysaccharidosis).

Evaluation of Left Ventricular
Systolic Function

Determination of systolic function is fundamen-
tal in the management of a hemodynamically
unstable newborn or child [1]. This includes the
measurement of shortening fraction (SF), ejec-
tion fraction (EF), and cardiac output (CO).
Various methods can be utilized to make these
assessments.

Qualitative Assessment

Visual assessment of left ventricular systolic
function is the most commonly used method for
the non-specialist echocardiographers but this
method is prone to inter- and intra-observer vari-
ability even among experts [14]. Ejection fraction
is estimated visually using multiple echocardiog-
raphy views (Fig. 5 and Video clip).
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Fig. 4 M-mode imaging on parasternal long axis and
short axis views showing assessment of left ventricular
systolic function. Images a and b show fraction shortening

(FS) assessment on parasternal long axis view; images ¢
and d show FS assessment in parasternal short axis view

Fig. 5 Different echocardiographic views commonly
used for qualitative left ventricular systolic estimation:
parasternal long and short axis view, apical 4-chamber

Left ventricular function is subjectively clas-
sified into normal function (EF >55%), mild
dysfunction (EF 41-55%), moderate dysfunc-

view, and subcostal view (good view to assess function
during cardiac massage)

tion (EF 31-40%), and severe dysfunction (EF
<30%) [15]. Adult providers will often use EF
as a method of communicating their qualitative
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assessment. Obviously EF is the fraction of vol-
ume ejected during systole and is only estimated
as it cannot be quantified in a 2D image alone.

Quantitative Assessment

M-mode tracings are obtained in the parasternal
long axis view at the tips of the mitral valve leaf-
lets or in the parasternal short axis view at the
level of the papillary muscles (Fig. 6) and enable
to measurement the left ventricular end-diastolic
dimension (LVEDD) and the left ventricular end-
systolic dimension (LVESD) necessary for the
determination of FS.

The FS is calculated using the following
equation:

_ LVEDD?LVESD
LVEDD

7100

FS(%)

Normal values for FS in children and infants are
typically between 28 and 44% [16—18]. The dis-
advantage of this method is that it assumes a cir-
cular shape of the left ventricle. If this shape is

ozsy comprezzlon - nol Intended tor dlagnoziz
sraps 1T BT KR
rs:aae 4

10+,

Systole

e I —
g

P S

L ~ LVESD

Fig. 6 M-mode echocardiography from a parasternal
long axis view showing the left ventricular cavity over the
cardiac cycle (see ECG tracing) during systole and dias-
tole. IVS - interventricular septum, LV - left ventricle,
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altered (related to congenital heart disease, pre-
load and afterload changes, or ventricular inter-
actions), it may affect the measurement of FS
causing an under- or overestimation. The second
method of assessing left ventricular function is
the calculation of the ejection fraction (EF). The
EF is a volumetric appraisal of ventricular fiber
shortening. Biplane measurement of left ventric-
ular volumes from the apical four-chamber and
two-chamber views is the best method of calcu-
lating the EF (Fig. 7).

The endocardial border of the left ventricle is
traced manually at end-diastole and at end-
systole (planimetry) giving a value of end-
diastolic volume (LVEDV) and end-systolic
volume (LVESV). The Simpson method uses the
method of summation of disks [19, 20]. The EF is
calculated using the following equation:

LVEDV?LVESV
LVEDV
Normal values for EF in children are 56-78%.

Calculation of the EF by the Simpson’s method
can sometimes be inaccurate. Variations in ven-

7100

EF (%) =

Diastole

LVEDD - left ventricle end-diastolic dimension (yellow),
LVESD - left ventricle end-systolic dimension (green),
LVPW - left ventricle posterior wall
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LVEF MOD A4C
SV MOD A4C
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LVESY MOD A4C
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Fig. 7 Assessment of left ventricular systolic function by
planimetry using the modified Simpson’s method and
allowing estimation of the ejection fraction (EF) by trac-
ing the endocardial left ventricular border in end-diastole
(LVEDV) and in end-systole (LVESV), obtained from a

tricular shape, as seen in newborns and in con-
genital heart diseases, can alter the EF. Intensive
care patients often have suboptimal views with
difficulty in tracing the endocardial border cor-
rectly. When interpreting SF and EF, the influ-
ence of preload and afterload should be taken
into account. This is especially true when com-
paring cardiac function before and after ductal
closure in newborns and explains the usual
decrease in SF and EF seen immediately after
surgical duct ligation. It is also true for patients
on ventricular assist devices or extracorporeal
membrane oxygenation in whom the ventricu-
lar function needs to be assessed during the
weaning process when the heart is unloaded.
The advances in newer techniques for evaluat-
ing myocardial function (Tissue Doppler
Imaging, strain and strain rate, and three-
dimensional echocardiography) may be helpful
in the future for the assessment of ventricular
function in this setting but these methods still
need to be validated in children.

patient with moderate left ventricular systolic dysfunction
(EF = 30%). LVEF left ventricular ejection fraction,
LVEDV left ventricle end-diastolic volume, LVESV left
ventricle end-systolic volume, SV stroke volume

Semi-quantitative Assessment

Alternative parameters for the evaluation of left
ventricular systolic function should also be con-
sidered especially in critical care patients with
poor imaging quality.

In patients with mitral regurgitation (MR), the
rate of pressure rise in early systole (dP/dt max)
represents a good evaluation of global left ven-
tricular contractility. Mitral regurgitation jet
velocity depends on the pressure gradient between
the left ventricle and the left atrium. Because
there are no significant changes in left atrial pres-
sure during isovolumetric contraction (IVCT),
mitral regurgitation changes reflect left ventricu-
lar pressure changes. MR dP/dt is measured from
a continuous wave (CW) Doppler tracing of the
mitral regurgitation jet during the time interval at
which the velocity is 1 m/s and 3 m/s (Fig. 8).

Normal values >1000-1200 mmHg/s and
value <500 mmHg/s are indicative of severe
systolic dysfunction (Fig. 9). It is important to
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Fig. 8 Representation of the measurement of mitral regurgitation (MR) dP/dt over the cardiac cycle

Fig. 9 Doppler tracing from mitral regurgitation allow-
ing measurement of the mitral regurgitation MR dP/dt
max obtained between 1 and 3 m/s, on a normal patient
(left image) and on a patient with left ventricular dysfunc-

note that the MR dP/dt max is influenced by pre-
load, afterload, heart rate, and myocardial
hypertrophy.

Tissue Doppler Imaging (TDI) allows the
evaluation of myocardial velocities. Peak systolic
annular velocity (S” wave) is measured at the
level of the mitral annulus and reflects left ven-
tricular contractility (Fig. 10) [21]. The S” has
become a reliable qualitative measure of global
left ventricular systolic function with a value
<10 cm/s indicative of systolic dysfunction [22].

The Tei index represents an index of myocar-
dial performance (myocardial performance
index = MPI) that allows the evaluation of both

tion (right image). An MR dP/dt max <500 mmHg/s is
indicative of left ventricular systolic dysfunction. The
same can be applied to tricuspid regurgitation (TR dP/dt
max) but has to be measured between 1 and 2 m/s

systolic and diastolic function. The disadvan-
tage of MPI is that it is nonspecific and influ-
enced by preload and afterload changes, making
it of limited use in hemodynamically unstable
patients. MPI is calculated on a pulsed wave
(PW) Doppler at the mitral and aortic valve or
Tissue Doppler (TDI) tracing at the lateral
mitral annulus (Fig. 11) by dividing the isovolu-
metric relaxation time (IVRT) plus the isovolu-
metric contraction time (IVCT) by the ejection
time (ET):

IVRT+IVCT
ET

Teiindex =
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Fig. 10 Tissue Doppler Imaging (TDI) tracing obtained at the septal annulus showing S’ (systolic velocity) wave, E’
(early diastolic velocity) wave, and A" (late diastolic velocity related to atrial contraction) wave

Tei index = (ICT + IRT) /ET
=(a-b) /b

Y

Mitral or i ICT :
tricuspid inflow

IRT

Fig. 11 Myocardial Performance Index (=MPI or Tei
index) obtained from Doppler (above cartoon and bottom
left image) and Tissue Doppler (below right image). The
MPI is calculated as the (IVCT PLUS_SPI IVRT)/ET or

(B — A)/A. The MPI allows the evaluation of systolic and
diastolic ventricular function. ET ejection time, /VCT iso-
volumetric contraction time, IVRT isovolumetric relax-
ation time
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The Tei index is affected by age during the
first 3 years of life, with significantly greater val-
ues (0.4 = 0.09) at birth [23] and progressive
reduction until the age of 3. There are no further
changes from age 3 to 18 years, with normal val-
ues of 0.33 = 0.02 by pulsed wave (PW) Doppler.

Evaluation of Left Ventricular
Diastolic Function

Evaluation of diastolic function has become more
important in the intensive care settings, espe-
cially in post-cardiac surgery patients. Spectral
Doppler evaluation is the quickest method to
judge diastolic function at the bedside but is
highly preload dependent. A prominent pulmo-
nary venous A wave reversal, a marker for flow
reversal into the pulmonary veins during atrial
systole in a noncompliant ventricle, is a hallmark
of diastolic dysfunction. The mitral inflow
Doppler pattern can also be used for the estima-
tion of diastolic dysfunction. Age, arrhythmia,

C.Tissot et al.

conduction disturbances, and changes in loading
conditions and heart rate may affect the Doppler
signal and represents a major limitation, particu-
larly in critical care patients.

The assessment of diastolic function requires
the analysis of the mitral valve and pulmonary
venous wave patterns using Pulsed Wave (PW)
Doppler and of the lateral mitral annulus motion
with Tissue Doppler Imaging (TDI). Mild dia-
stolic dysfunction is characterized by an inver-
sion of the mitral early and late diastolic E/A
Doppler waves with a ratio <0.8. Severe diastolic
dysfunction is characterized by a mitral valve
Doppler E/A ratio >2, a deceleration time of the
Doppler mitral E wave <160 ms, as well as a dia-
stolic flow predominance in the pulmonary
venous Doppler pattern (S/D <1) with prominent
atrial wave reversal (AR >35 cm/s) (Fig. 12).

TDI signs of diastolic dysfunction are an early
mitral annular or septal E” wave velocity <8 cm/s.
The Doppler early mitral inflow velocity (E)
divided by the TDI early diastolic mitral annular
velocity (E’) results in a ratio (E/E’) that has been

Fig. 12 Evaluation of diastolic function in a patient with
severe diastolic dysfunction: (1) mitral inflow Doppler
pattern with E and A wave reversal (above left image); (2)
mitral inflow Doppler pattern with sharp E wave DT
(above right image); (3) pulmonary venous Doppler with

prominent diastolic flow, S/D reversal and increased
velocity of AR wave (below left image); (4) TDI at the
mitral annulus with E’/A” reversal and decreased E” wave
velocity <8 cm/s (below right image)
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shown to correlate with the pulmonary capillary
wedge pressure in adults [24]. The E/E’ ratio is
also helpful in estimating left ventricular filling
pressure [25] with a value >14 indicative of
increased left heart filling pressure in adults. TDI
is relatively independent of preload condition, as
opposed to the Doppler evaluation [26, 27], and
is currently the most accurate technique to evalu-
ate diastolic function in children, particularly in
critically ill patients where loading conditions
can vary widely.

In the newborn period, important changes are
seen during the first weeks of life with a gradual
change from a fetal filling pattern (more depen-
dent on atrial contraction) with Doppler A > E
wave toward a more mature filling pattern with
E > A wave. This is characterized by a progressive
increase in E wave velocity and an increase in E/A
ratio. In the newborn with high heart rate, E and A
waves may be fused and render the assessment of
diastolic function difficult. Moreover, E wave
velocity is sensitive to changes in preload. Infants
with PDA and left-to-right shunt will exhibit

increased pulmonary blood flow and left atrial
pressure resulting in increased mitral E wave
velocity. Evaluation of left ventricle diastolic
function is likely outside of the scope of basic car-
diac POCUS and requires advanced training and
expert consultation.

Evaluation of Cardiac Output
and Cardiac Index

Echocardiographic assessment of cardiac output
is a useful adjunct in the evaluation of the hemo-
dynamically unstable infant. The most commonly
used technique is the Doppler estimation of LV
stroke volume, although this technique demon-
strates inconsistent reproducibility. The systemic
blood flow is obtained by multiplying the veloc-
ity time integral (VTI) obtained by pulsed
Doppler tracing in the LV outflow tract from an
apical 5-chamber view by the cross-sectional
area obtained from parasternal long axis view
(Fig. 13).

Cardiac output (CO) =SV ?HR = VTI, ;. ?CSA, v 7HR

.

Fig. 13 Echocardiographic assessment of cardiac output:
2D echocardiography parasternal long axis view with
measurement of LVOT diameter (left image), allowing for
calculation of the LVOT cross sectional area (CSA) and
pulse wave Doppler tracing from an apical 5-chamber

view (right image) with tracing of the LVOT velocity to
obtain the LVOT velocity time integral (VTI). CSA cross-
sectional area (calculated as 7 x r? and r = radius = diam-
eter/2). LVOT left ventricular outflow tract, VTI Velocity
time integral (or mean velocity)
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where SV is the stroke volume, VTI is the veloc-
ity time integral, CSA is the cross-sectional area
(= x r* and r = diameter/2) and HR is the heart
rate. The cardiac index can be derived by divid-
ing the cardiac output by the body weight in kilo-
grams according to the equation below:

VTI, ; ?CSA, vor 7HR
BSA

Cardiac index (CI) =

where BSA is the body surface area, with normal
values for LV cardiac index ranging from 1.7 to
3.5 L/min/m?

Despite various assumptions and limitations,
the assessment of left ventricular output on echo-
cardiography correlates strongly with measure-
ments acquired by other well-established
techniques such as pressure measurement by
cardiac catheter, cardiac MRI and Fick’s dye
dilution method. The published studies showed a
bias under 10% [28].

The assessment of left ventricular output is
reliable in children without shunts. The trend of

serial echocardiography may be more useful than
one absolute value in clinical practice. Because
the CSA for any patient does not change and HR
can be calculated precisely at any time, serial
assessment of the VTI may help in studying the
impact of any intervention on cardiac output in
real time. Assessment of left ventricle cardiac out
requires precise measurements and is typically
reserved for providers with advanced imaging
skills.

Unfortunately, this technique cannot be used
in infants with a PDA where the LV output is not
an appropriate surrogate of cardiac output. In
those patients, the Doppler superior vena cava
flow (SVC) may be a better surrogate for LV out-
put. This measurement should be done over 5-10
cardiac beats to account for respiratory
variation.

A summary of semi-quantitative systolic ven-
tricular function evaluation is provided in Table 1
which may be used by explored in practice by cli-
nicians with more evolved use of POCUS.

Table 1 Semi-quantitative systolic ventricular function measures that might be used by the clinician with more evolved
training in cardiac POCUS (adapted from Singh Y et al. International evidence-based guidelines on Point of Care
Ultrasound (POCUS) for critically ill neonates and children issued by the POCUS Working Group of the European
Society of Paediatric and Neonatal Intensive Care (ESPNIC). Critical Care 2020; 24: 65) [29]

Echo parameter Echo views Measurement Reference values
LV Fraction PSAX, LV intraluminal diameter change 28-46% for all ages
Shortening (FS%) PLAX, (2D or
M-mode)
LV Ejection A4C, A2C Percentage change of LV volume between 55-80% for all ages
Fraction (Simpson’s end-diastole and end-systole
method)
E-Point Septal PLAX (2D or | Distance between anterior leaflet of mitral valve | >7 mm in adults
Separation (EPSS) M-mode) and intraventricular septum during the diastolic predictive of severe LV
phase. This measurement is associated with LV dysfunction®
systolic volume
LV output (stroke AS5C, PLAX Product of VTI measured by pulse wave Doppler | Z-scores available for
volume) at LVOT in A5C and LVOT cross-sectional area | different ages and
measured in PLAX should be used
Neonates: 150—
400 mL/kg/min
RV output (stroke PSAX or Product of VTI measured by pulsed wave Z-scores available for
volume) sweep PLAX | Doppler at RVOT and RVOT cross-sectional area | different ages and
should be used
Neonates: 150-
400 mL/kg/min
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Table 1 (continued)

Echo parameter Echo views Measurement Reference values
Tricuspid annular A4C Systolic excursion of lateral (or medial) tricuspid | Term neonates: >8 mm
plane systolic annulus toward apex to assess RV systolic (811 mm)

excursion (TAPSE) function Children—Z-score

available; generally
>12 mm (12-17 mm)
Adults or grown-up
children >17 mm
(17-25 mm)

A4C Apical 4-chamber view, A5C Apical 5-chamber view, A2C Apical 2-chamber view, PSAX Parasternal short axis
view, PLAX Parasternal long axis view, M-mode Motion mode, LV Left ventricle, LVOT Left ventricular outflow tract,

VTI velocity time integral

Conclusion

A comprehensive evaluation of cardiac func-
tion and hemodynamic status requires a depth
of knowledge in echocardiography, good image
quality, and using multiple echocardiographic
parameters using multiple views in order to
provide accurate and reliable information.
However, a qualitative and semi-quantitative
evaluation of systolic cardiac function can be
performed using cardiac POCUS.
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Introduction

The goal of point-of-care ultrasound (POCUS) is
to answer a clinical question, with the image
acquisition and analysis performed by the bed-
side clinician. While the scope of POCUS in
imaging and evaluation of the RV is limited, in
order to provide an overall understanding of the
impact of pathology on the RV and the ability to
interpret changes seen by ultrasound, this chapter
will provide a more in-depth overview of RV
morphologic and functional assessment that is
beyond the scope of cardiac POCUS. However,
when applicable, we will point out the RV views
and assessments that could be considered part of
cardiac POCUS.

Right Ventricular Morphology

The RV is the most anterior chamber of the
heart, wrapping around the left ventricle (LV),
and thus is the first structure the ultrasound
beam will interrogate just under the sternum.
The role of the RV is to act as a low resistance
circuit for venous flow to enter and pump deox-
ygenated blood to the low resistance pulmonary
vascular bed [1]. The RV function and size
reflect the impact of preload, afterload, and ven-
tricular—ventricular interactions. The morphol-
ogy of the RV is tripartite. The three sections are
an inlet chamber, an apex/trabecular body, and
the outflow chamber. The inlet portion encom-
passes the area from the level of atrioventricular
junction as marked by the annulus of the tricus-
pid valve to the insertion of the papillary mus-
cles to the walls of the ventricle, followed by the
trabecular pumping chamber. The outlet portion
comprises the smooth subvalvular infundibulum
to the pulmonary valve in a normally structured
heart (Fig. 1). Though trabeculations are usually
associated with the RV in comparison to the LV,
trabeculations are not the distinguishing feature,
as in some cases, the LV may be trabeculated as
well. A distinguishing feature of the RV is its
association with the tricuspid valve, with the

septal attachment of the tricuspid valve having a
more caudal insertion compared to the mitral
valve. The tricuspid valve is always associated
with the RV.

The RV is also distinguished from the left by
its fiber orientation. Fibers in the RV are mainly
arranged in a longitudinal direction, compared to
approximately 60% circumferential, 20% longi-
tudinal, and 20% oblique arrangement in the LV
[2]. In a normally structured heart, the RV pumps
blood to a low resistance circuit and its thin wall
wraps partially around the LV (Fig. 2). As the RV
encounters increasing afterload, the ventricle
may dilate and thicken, changing its morphology.
RV failure may result from a combination of
decreased RV contractility, increased RV pres-
sure, and RV volume overload [3]. The longitudi-
nal orientation of the RV fibers provides
mechanisms for functional assessment, such as
the tricuspid annular plane systolic excursion
(TAPSE). Of note, the right and left ventricles
share fiber arrangement at the interventricular
septum; thus, ventricular—ventricular interactions
are an important consideration as decreased RV
function can impact the LV function and vice
versa.

Fig. 1 Composition of the right ventricle with three sec-
tions; inlet, trabeculated chamber, and smooth outlet
portion
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Fig. 2 Short axis image of the right ventricle (red star)
wrapping around the left ventricle (blue star)

Importance of Point-of-Care
Assessment of Right Ventricular
Function

As mentioned earlier, the scope of POCUS in the
assessment of RV function is evolving and some-
what limited in neonates by the extensive training
required in neonatal hemodynamics. In adult
critical care medicine, POCUS has been recom-
mended to assess for evidence of acute RV failure
[4] (Fig. 3). Acute RV failure recognized by bed-
side cardiac ultrasound allows for earlier diagno-
sis and dedicated management strategies that can
impact outcomes [5]. Indeed, bedside cardiac
ultrasound has become increasingly utilized in
the critical care setting. A plethora of research
has been published in the field of RV functional
assessment [6]. A multitude of disease processes
can be assessed, particularly in patients with the
potential for increase RV afterload, such as pul-
monary embolism and acute respiratory distress

Decreased RV
contractility

RV infarction
Right sided cardiomyopathy
Perioperative RV injury
Sepsis

ARDS
Tricus;?id _ Left sided disease
Increased ;:eglurglt_atlon Pulmonary stenosis Increased
ulmonic
RV preload S Tl Positive pressure RV afterload
Intracardiac shunt ventilation
Pulmonary

hypertension
Pulmonary embolism

Fig. 3 Etiologies for acute right ventricular failure. RV right ventricle, ARDS acute respiratory distress syndrome
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syndrome. RV dysfunction in the critically ill
infant has been associated with increased mor-
bidity and mortality [7].

Functional evaluation of the RV includes
assessment of longitudinal motion with TAPSE
and global functional assessment with frac-
tional area change (FAC). In a systematic
review of studies performed in the critical care
setting that reported RV function as a measure,
TAPSE was the most frequent index used to
assess RV function, followed by FAC. The
mechanism of hemodynamic pathophysiology
due to RV dysfunction is multifactorial. In the
case of a pulmonary hypertensive crisis, the RV
end-diastolic pressure and volume increase
with the potential for compromised coronary
perfusion leading to RV ischemia and failure.
In addition, increased RV end-diastolic pres-
sure and volume can lead to a shift in the inter-
ventricular septal position into the LV, which
could decrease LV end-diastolic volume and
thus decrease cardiac output. Mortality from
pulmonary hypertension is directly related to
RV function. Timely assessment of the RV can
be of particular importance in certain condi-
tions, particularly those in patients with a nor-
mal RV that suffers from an acute increase in
RV afterload.

Qualitative and Quantitative
Assessment of the Right Ventricle

Evaluation of the RV includes RV size assess-
ment as well as a qualitative and quantitative
functional assessment. Qualitative measures of
the RV include assessment of RV/LV ratio and
qualitative functional assessment. In pediatric
and adult literature, qualitative RV to LV size
comparison (typically the diameter of each
respective ventricle in the apical four chamber
view) has been utilized to assess RV dilation,
with a normal RV size being two-thirds of
LV. Therefore, the finding of an RV larger than

the LV is considered a sign of severe RV
enlargement. In a pediatric population of
patients with pulmonary hypertension (PH), an
RV/LV ratio > 1 was associated with an adverse
clinical event, such as disease progression
necessitating initiation of pulmonary vasodila-
tors, death, or transplant [8]. Qualitative RV
functional assessment includes ‘“eyeballing”
the function by assessing movement and dila-
tion in the parasternal short axis. This qualita-
tive assessment could be integrated as part of
cardiac POCUS. In the setting of volume over-
load conditions such as a ventricular septal
defect, the RV will become dilated and demon-
strate septal flattening in diastole. In true RV
pressure overload conditions such as pulmo-
nary arterial hypertension the interventricular
septum flattens at end systole/early diastole as
the RV contracts against a higher resistance
pulmonary vasculature.

TAPSE

Quantitative assessment of RV systolic function
includes measuring TAPSE and FAC. As the RV
fibers contract primarily by longitudinal move-
ment, measurement of the distance the tricuspid
valve moves along the lateral wall of the RV pro-
vides a measure of the longitudinal contractile
ability of the RV. In the 4-chamber apical view
with the apex visible, the M-mode cursor is
placed at the lateral annulus of the tricuspid
valve with the line as parallel as possible to the
lateral wall (Fig. 4). TAPSE is the most fre-
quently utilized index to report RV function,
with normal reference values published for
infants and children (Table 1) [6, 9]. However,
TAPSE focuses on the longitudinal, not global,
assessment of the RV. Assessment of global
function will account for regional wall motion of
the RV and can be obtained through multiple
measures, including FAC, Tei index, and tissue
Doppler.
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Fig. 4 M-mode measured TAPSE—Tricuspid Annular
Plane Systolic Excursion. White dotted line measuring
tricuspid valve movement through systole and diastole
along the lateral wall of the right ventricle with apex in
view; yellow lines outline displacement of tricuspid valve;
yellow arrow denotes measurement in centimeters. Right
ventricle (red star) wraps around LV (blue star)

Table 1 Tricuspid annular plane systolic excursion
(TAPSE) values in cm by age group, reported as mean and
+2 SD (95%). (Based on data from Koestenberger et al.
2009)

Age Mean (cm) +2 SD (95%) (cm)
0-30 days 0.91 0.68 1.15
1-3 months 1.14 0.85 1.42
4-6 months 1.31 1.01 1.65
7-12 months 1.44 1.13 1.77
1 year 1.55 1.25 1.88
2 years 1.65 1.36 1.94
5 years 1.87 1.60 2.13
10 years 2.05 1.79 2.31
18 years 2.47 2.05 291

Fractional Area Change

The geometric morphology of the RV compared
with the LV can make the assessment of function
challenging; however, fractional area change
(FAC %) by echo correlates with RV ejection
fraction by MRI [10, 11]. FAC is obtained by
tracing the RV endocardial border in the 4-cham-
ber apical view at end diastole (EDA) and end
systole (ESA), subtracting ESA from EDA and
dividing by EDA to get a fraction of change in
RV size from systole to diastole (Fig. 5). Levy

et al. noted that FAC in preterm neonates
increased almost twice as rapidly in the first
month compared with healthy term infants [12].
Limitations of FAC include acquiring a high-
quality image of the RV for chamber size calcula-
tion, and noninclusion of the right ventricular
outflow tract in the assessment.

Tei Index

The Tei index, also referred to as the myocardial
performance index, offers a quantitative measure
of global function and incorporates systolic and
diastolic functional assessments. It is calculated
from a ratio of time intervals—measuring
changes in the time interval of isovolumic con-
traction time (IVCT) and isovolumic relaxation
time (IVRT) in comparison to the RV ejection
time (RVET). These measurements are similar to
those previously discussed in Chap. 5 for assess-
ment of the left ventricle. Following the P wave,
signaling the point of active filling of the ventri-
cle from the atria, the tricuspid valve closes. The
isovolumic contraction time precedes the open-
ing of the pulmonary valve and RV ventricular
ejection, which is followed by a period of tricus-
pid and pulmonary valve closure (isovolumic
relaxation time). The myocardial performance
index represents the time from tricuspid valve
closure to opening minus the RVET, over the
RVET. A shortened ejection time due to a pro-
longed IVCT is indicative of systolic dysfunction
and a shortened ejection time due to a prolonged
IVRT is consistent with diastolic dysfunction.
The Tei index is assessed through tissue Doppler
or flow Doppler at the level of the tricuspid and
pulmonary valve and has the advantage of being
heart rate and geometry independent (Fig. 6).
Due to the challenges of obtaining multiple mea-
sures and the need for adequate Doppler mea-
sures, it has not been utilized significantly in the
critical care literature.

Finally, tissue Doppler imaging (TDI), assess-
ing myocardial velocities, is utilized as another
measure of RV function in the 4-chamber apical
view with RV focus.
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End
Systole .

IVCT IVRT

100mm/s

Fig. 6 Tei index, also called myocardial performance
index, measures global function incorporating systolic
and diastolic function. IVCT isovolumic contraction time,
IVRT isovolumic relaxation time, ET ejection time. Tei
index = (IVCT + IVRT)/ET

Assessment of the Presence
of Pulmonary Hypertension

Echocardiography is utilized as a noninvasive
method to assess pulmonary hypertension. Using
traditional conventions for measuring pulmo-
nary hypertension by echo, such as tricuspid
regurgitation and septal flattening, echocardiog-

End
Diastole

raphy has been found to be a reasonable nonin-
vasive technique to identify patients with
pulmonary hypertension, though not necessarily
to quantify severity. A study by Mourani et al.
demonstrated that echocardiography correctly
diagnosed pulmonary hypertension in 79% of
patients in which pulmonary pressures could be
estimated, though was correct in severity for
47% of the patients [13].

Recognition and quantification of pulmonary
hypertension by echocardiography include esti-
mating pulmonary artery pressures and evaluat-
ing pulmonary vascular resistance. Subjective
“eyeballing” of the RV is commonly utilized for
bedside assessment, particularly in the intensive
care units, with a fair agreement between subjec-
tive and objective measures. Eyeballing is poten-
tially not as reliable for the reassessment of subtle
changes following interventions [14]. Thus,
while basic cardiac imaging may be able to assess
the presence of pulmonary hypertension, com-
prehensive echocardiography is needed for quali-
tatively and quantitatively assessing pulmonary
hypertension. This section will focus on basic
cardiac views and will introduce advanced views
for the assessment of pulmonary hypertension.

Comprehensive echocardiography for pulmo-
nary hypertension includes the estimation of pul-
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monary artery pressures, assessment of pulmonary
vascular resistance, as well as evaluation of cardiac
function to assess the impact of elevated pulmonary
pressures upon the heart. As this chapter is focused
on right ventricular assessment, left ventricular
function will not be discussed; however, it is impor-
tant to assess the left ventricular function due to the
important contribution of ventricular—ventricular
interactions on RV function, and decreased LV fill-
ing from decreased left-sided preload in the setting
of pulmonary hypertension.Obtaining standard
echocardiographic views including parasternal long
and short axis, 4- and 5-chamber apical, subcostal,
and suprasternal views will provide information for
adequate assessment. Conventional parameters to
estimate pulmonary artery pressures includes the
assessment of tricuspid regurgitation peak velocity,
pulmonary insufficiency peak velocity, shunt direc-
tion, velocity through the ductus arteriosus or ven-
tricular septal defect if present, and interventricular

septal geometry. Evaluation of pulmonary vascular
resistance includes recognition of abnormalities of
pulmonary artery waveforms and assessment of
pulmonary time intervals. In addition, the evalua-
tion of right ventricular strain and 3D evaluation of
RV volumes provide additional information on the
right ventricular functional assessment of pulmo-
nary hypertension.

Pulmonary Artery Pressure Assessment

Pulmonary artery pressure can be obtained with
the estimation of an adequate tricuspid regurgita-
tion (TR) peak velocity, pulmonary insufficiency
peak velocity, shunt direction, and velocity and
septal geometry. TR peak velocity estimates pul-
monary artery pressures using the modified
Bernoulli equation:

Right Ventricular Pressure = 4(Tricuspid Regurgitation Velocity)2

+Right atrial pressure (estimate ~ SmmHg)

Estimation of pulmonary artery systolic pres-
sures by echocardiographic assessment of TR peak
velocity has demonstrated reasonable accuracy
when compared to cardiac catheterization. However,
in up to 40% of echocardiography studies, it may be
difficult to obtain an interpretable TR jet or a jet
may be completely absent [13, 15]. When obtaining
the TR jet velocity, it is key to maintain angle of
insonation minimal (as parallel as possible to the jet,
<20° angle of insonation) to avoid underestimating
the velocity of regurgitation and thus the estimation
of pulmonary pressures. Continuous wave Doppler
should be utilized for this measurement, as the
velocity is usually too high for the pulse wave
Doppler assessment (>2 m/s).Multiple views should
be utilized to obtain the maximum or best TR jet
velocity, including the 4-chamber apical view, para-
sternal long axis RV inflow view, or parasternal
short axis view (Fig. 7). It is important to consider

that this measurement may be under- or overesti-
mated by decreased RV function and RV outflow
tract obstruction, respectively [16]. Pulmonary
hypertension is defined as a mean pulmonary blood
pressure >20 mmHg at rest in infants >3 months of
age, and in neonates, elevated pulmonary pressure
is often defined in relation to systemic blood pres-
sure. Increased afterload on the RV leads to remod-
eling with the development of hypertrophy to
reduce wall stress, which can be reversible. In the
setting of volume overload, the RV dilates and can
maintain a normal Frank-Starling curve with pre-
served RV function [17]. A pulmonary insufficiency
jet velocity provides an estimation of the mean pul-
monary artery pressure. Continuous wave Doppler
of the peak pulmonary regurgitant jet in parasternal
short axis view during diastole will provide an esti-
mation of mean PA pressure again using the modi-
fied Bernoulli equation:

mPAP =4 (VmaxPR)2 +RA pressure(~ SmmHg)
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Fig.7 Tricuspid regurgitation jet velocity, (a) Parasternal
long axis right heart view with full envelope; (b) Apical
4-chamber view with full envelope; (¢) Parasternal short

Ductal Shunt

The presence of a patent ductus arteriosus (PDA)
provides quantitative measurement of pulmonary
hypertension through the assessment of the direc-
tion and flow velocity of the PDA shunt. A pure
right to left shunt across the PDA (flow directing
from the pulmonary artery to the aorta) correlates
with suprasystemic pulmonary pressures, while a
bidirectional shunt, with right to left shunting in
systole and left to right shunting in diastole, is
consistent with systemic pulmonary pressures
(Fig. 8). The velocity of the transductal flow cor-
relates with catheterization measures of pressure;
however, location of the Doppler sample is
important. Peak velocity of both right to left and
left to right shunts vary compared with catheter-
ization data depending on the location of the
Doppler within the PDA. For a right to left shunt,

S.Bhombal et al.
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axis base view with incomplete tricuspid regurgitation
envelope

suggesting suprasystemic pulmonary pressures,
maximal velocity occurs at the aortic end of the
PDA, while in left to right shunt, peak velocity is
noted at the point of maximal constriction at the
pulmonary end [18].

Septal Assessment

The interventricular ventricular septum is rounded
in systole and diastole in hemodynamically stable
conditions with normal systemic vascular resis-
tance (SVR) and pulmonary vascular resistance
(PVR). The left ventricular systolic pressure equals
the arterial systolic blood pressure in a patient
without outflow tract obstruction. RV systolic pres-
sure is typically lower than that of the LV, thus in
systole and diastole the LV is a rounded structure
relative to the RV. In patients with volume overload
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Fig.8 PDA Doppler. (a) Bidirectional PDA shunt with flow above (yellow star) and below the baseline; (b) Pure right
to left flow (white star) across the PDA consistent with suprasystemic pulmonary pressures

Fig. 9 Assessment of septal flattening in parasternal short axis view. (a) Normal rounded septum consistent with nor-
mal RV pressures, (b) Flattened septum, consistent with elevated pulmonary pressures

from a shunt or pressure overload from elevated
PVR, the interventricular septum may be flattened
or even crescent-shaped or bowed in the paraster-
nal short axis view (Fig. 9). A flattened septum dur-
ing diastole is consistent with volume overload,
whereas in systole with RV pressure overload.
However, foreshortening the LV by ultrasound can
result in a flat septum from technical error rather
than patient conditions. Thus, it is prudent to assess
other parameters in addition to septal flattening
when determining elevated pulmonary pressures.
Eccentricity index is utilized as an objective
measure of septal flattening. For assessing pul-

monary hypertension, it is obtained by measuring
the LV dimension ratio parallel (D1) and perpen-
dicular (D2) to the septum in parasternal short
axis in end systole (Fig. 10):

Eccentricity index =D1/D2

In adult literature, an eccentricity index >1 is
consistent with elevated RV  pressures.
Simultaneous catheterization and echocardiogra-
phy studies in the pediatric population demon-
strated a correlation between eccentricity index
and pulmonary hypertension and are less prone to
variability in measures [19].
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Fig. 10 Eccentricity index as quantitative measurement
of septal flattening. DI LV dimension parallel to septum,
D2 LV dimension perpendicular to the septum, RV right
ventricle

Assessment of Pulmonary Vascular
Resistance

Catheterization is considered the gold standard
method of calculating pulmonary vascular resis-
tance, with a PVR >3 Wood units consistent with
elevated pulmonary vascular resistance. However,
echocardiography can be utilized to noninvasively
assess PVR and can aid in differentiation between
precapillary pulmonary hypertension, occurring
in the lungs, versus postcapillary pulmonary
hypertension due to pathology beyond the capil-
lary bed, such as pulmonary vein stenosis or left
heart disease. Evaluation of PVR by echocardiog-
raphy includes the assessment of pulmonary valve
Doppler waveforms and systolic time intervals of
pulmonary flow. The pulmonary valve Doppler
flow waveform in the presence of normal PVR is
dome-shaped with a steady increase and decrease
in flow. In the presence of elevated PVR, the time
to peak velocity flow is short, as the pressure nec-
essary to push blood out the pulmonary valve to
overcome the elevated resistance is higher than
normal. Once the valve opens, there is a rapid
increase in velocity. In the presence of increased
PVR as well as decreased vascular compliance, a
flying “W” sign may be present, with the presence
of a pulmonary mid-systolic notch (Fig. 11).
Systolic time intervals of the RV provide an indi-
rect assessment of PVR. RV time intervals include
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100mm/s

102bpm

Fig. 11 Pulmonary doppler demonstrating Flying “W”
sign (outlined in yellow) with a pulmonary mid-systolic
notch (arrow), consistent with elevated pulmonary vascu-
lar resistance and decreased vascular compliance

the pre-ejection period (RPEP), RV ejection time
(RVET), and the time to peak velocity (TPV), also
referred to as the pulmonary artery acceleration
time (PAAT). At any given heart rate, the RVET is
directly related to stroke volume and indirectly
related to contractility, and thus low contractility
results in longer ejection time. In the presence of
pulmonary hypertension, as described above,
there is a higher RPEP:RVET ratio, as the RV is
pushing against a higher afterload thus prolong-
ing the pre-ejection period. Pulmonary artery
acceleration time measures the time interval from
the onset of ejection to the peak flow velocity.
With elevated PVR, the PAAT shortens and the
PAAT:RVET ratio decreases, with simultaneous
catheterization and echocardiography studies
demonstrating a PAAT <90 ms and PAAT:RVET
ratio <0.31 correlated with pulmonary hyperten-
sion [20].

Right Ventricular Function

Both right and left ventricular function may be
affected in the presence of pulmonary hyperten-
sion. The increased afterload of the RV can
impact the function, and the LV may be impaired
through ventricular—ventricular interactions as
well as potential myocardial ischemia [16].
Qualitative assessment of cardiac function in the
setting of pulmonary hypertension includes



Focused Ultrasound in Right Ventricular Function and Pulmonary Hypertension 81

RVLV size comparisons as described above,
though more comprehensive assessment is war-
ranted, particularly with longitudinal assessment
following interventions. Measures used for quan-
titative RV functional assessment in the presence
of pulmonary hypertension are TAPSE and FAC,
as described above. TAPSE reference values and
z-scores are available in infants and pediatric
patients, as well as for preterm and term neo-
nates, with a noted linear increase in TAPSE val-
ues from 26 to 41 weeks gestational age [9, 21].
In adults with pulmonary hypertension, low
TAPSE has been associated with worse survival
outcomes [22]. Low TAPSE has also been noted
in pediatric patients with pulmonary hyperten-
sion. As such, it is recommended to obtain
TAPSE for longitudinal assessment of RV func-
tion at each routine echo in pediatric patients
with pulmonary hypertension [23].

Fractional area change %, Tei index, and tis-
sue Doppler imaging have been noted to be sig-
nificantly lower in infants with moderate/severe
bronchopulmonary dysplasia (BPD) compared
with a non-BPD cohort, and can be utilized to
assess for pulmonary hypertension in the neona-
tal population [24].

Additional advanced tools for assessment of
pulmonary hypertension by echocardiography
include assessment of right heart size with 3D
echocardiography to better assess the complexi-
ties of RV geometry. 3D echocardiography has
been validated with cardiac MRI, and in pediatric
patients with pulmonary hypertension may pro-
vide a better assessment of volume and function
than 2D echocardiography. Pediatric patients
with pulmonary hypertension have higher RV
volumes and lower RV ejection fractions than
normal controls by 3D measures [25, 26]. In
addition, right atrial and RV strain provides addi-
tional information on the impact of elevated pul-
monary pressures. Strain and strain rate are
increasingly reported as RV functional measures
to detect regional wall motion abnormalities,
with strain reporting the change in length and
strain rate as the rate of deformation per second
[27, 28]. In a population of preterm patients with
severe BPD, infants with pulmonary hyperten-
sion at 6 months had lower global longitudinal

strain than those with BPD without pulmonary
hypertension.

Comprehensive echocardiography for assess-
ment includes estimates of pulmonary pressures,
evaluation of pulmonary vascular resistance, and
measures of RV, as well as left ventricular func-
tion. With adequate training, initial and longitu-
dinal assessment can provide guidance for patient
care.

Conclusion

RV assessment by point-of-care ultrasound is an
evolving field. In the adult literature, the most
common measures of RV function are TAPSE
and FAC, with subjective quantitative measures,
such as RV/LV size and assessment of septal flat-
tening, often reported. Neonatal cardiac POCUS
is performed to answer a specific question, for
example, identifying the presence of pulmonary
hypertension. Cardiac POCUS may be utilized to
“eyeball” systolic function, compare RV with LV
size, assess septal flattening, and determine the
direction of PDA shunt. When performing neona-
tal point-of-care cardiac ultrasound, it is crucial
to keep in mind that neonates have a complex
dynamic transitional cardiovascular physiology
and a risk of undiagnosed critical congenital
heart disease, if a prior comprehensive echocar-
diography has not been performed to establish
normal cardiac anatomy. Significant right heart
dilation and decreased function can occur in the
setting of congenital heart disease such as critical
pulmonary stenosis. The ability to rapidly recog-
nize abnormalities on basic RV evaluation may
result in an earlier cardiology consult if abnor-
malities are noted. Cardiac POCUS should be
focused, short in duration, and performed to
understand the underlying clinical problem.
Cardiac POCUS should not be used as a screen-
ing tool for congenital heart diseases. A compre-
hensive echocardiogram performed by a
cardiologist prior to or around the time of a point-
of-care ultrasound should be considered to care-
fully rule out congenital heart disease. Similarly,
a comprehensive assessment of RV function, pul-
monary hypertension evaluation and complex
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transitional cardiovascular physiologic assess-
ment should be undertaken by experienced imag-
ing specialists.
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Anatomy of Pericardium

The pericardium is a fibroelastic sac surrounding
the heart and is comprised of two layers—a thin
inner visceral layer called the serous (visceral)
pericardium or epicardium, and a thick outer
layer called the fibrous (parietal) pericardium
[1]. The pericardiac sac contains a small amount
of fluid (<30 mL), which is considerably less in
infants and young children. The pericardial fluid
is an ultrafiltrate of plasma produced by the vis-
ceral pericardium. The pericardial fluid normally
drains through the right lymphatic duct via the
right pleural space, and through the thoracic duct
via the parietal pericardium [2].
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The pericardium envelops the heart and great
vessels forming pericardial recesses and sinuses
and it is anchored to the diaphragm by the peri-
cardiophrenic ligament and to the sternum by the
sterno-pericardial ligament, providing support
for the heart within the thoracic cage [1, 2].

The pericardium plays an important role in
preserving normal cardiac physiology including
limitation of intrathoracic cardiac motion and
acute cardiac dilatation, preservation of diastolic
and systolic interactions between the right and left
ventricles, lubricant effect that minimizes friction
between cardiac chambers and surrounding struc-
tures, and lymphatic and immunological func-
tions, helping prevent the spread of infection from
contiguous structures, especially the lungs [3, 4].

Physiology

The normal pericardium limits cardiac distension
by coupling the ventricles and enhancing their
positive interactions. The pericardial sac also
helps to balance the right and left ventricular out-
put by influencing diastolic pressure and dimen-
sion of the ventricles. The normal intrapericardial
pressure is sub-atmospheric and less than the
right atrial (RA) pressure. As the right ventricle
(RV) fills, this passively increases pericardial
pressure, which restricts further ventricular fill-
ing due to the limited extensibility of the pericar-
dium near end diastole [3, 4].

The intrapericardial pressure varies with the
pleural pressure: the inspiratory decrease in pleu-
ral pressure slightly reduces the pericardial, RA,
RV, and systemic arterial pressures. Under physi-
ologic conditions, the respiratory phase influ-
ences cardiac filling and hemodynamics, but their
effects on the right and left heart are different due

Fig. 1 Ventricular
interdependence and
impact of respiratory
cycle on the ventricular
filling

to the differences in the anatomic relationship of
the venous return to the intrapleural space [5].
The systemic venous system is extrapleural while
the pulmonary venous return is intrapleural.
Hence, a decrease in intrathoracic pressure (ITP)
during inspiration has a different effect on sys-
temic and pulmonary venous return. During
inspiration, the systemic venous return is
increased by around 50%, which increases right
heart filling and output. On the other hand, there
is minimal change in left heart filling and output
throughout the respiratory cycle as pulmonary
venous return is intrathoracic leading to evenly
distributed pleural pressure changes on the left
heart chambers and pulmonary veins. During the
expiration phase, there is an increased ITP lead-
ing to decreased RV filling and hence a relatively
increased LV filling because of interventricular
dependence of ventricles via shared interventric-
ular septum [6] (Fig. 1).

Increased pericardial fluid production is usu-
ally secondary to injury (such as postoperative
pericardial effusion) or inflammation (acute peri-
carditis or post-pericardiotomy syndrome).
Pericardial effusion can be transudative or exuda-
tive. Transudative pericardial effusions result
from obstruction of fluid drainage, while exuda-
tive fluid is secondary to inflammatory, infec-
tious, malignant, or autoimmune processes.

The hemodynamic impact of a pericardial
effusion is highly dependent upon the rate of
accumulation of the fluid in the pericardial sac. A
rapid accumulation of pericardial fluid causes a
sudden increase in intrapericardial pressure and
hemodynamic compromise while slow accumu-
lation can be entirely asymptomatic even when a
large amount of fluid is present [7] (Fig. 2).

A rapid accumulation of pericardial fluid
beyond a threshold leads to a sudden increase in

Inspiration Expiration
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Pressure

Rapid effusion

Cardiac tamponade

Pericardial effusion

Slow effusion

Limit of pericardial stretch
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Fig.2 Effect of rapid and slow accumulation of pericardial fluid on pericardial pressure over time (Pericardial pressure-

volume curve)
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Fig. 3 Mechanism of pulsus paradoxus with exaggera-
tion of inspiratory decrease in blood pressure, as seen in
pericardial effusion and tamponade. ECG electrocardio-

intrapericardial pressure leading to cardiac tam-
ponade and drastic hemodynamic effects.
Cardiac tamponade results from a markedly
diminished diastolic filling that occurs when
intracardiac (atrial and ventricular) distending
pressures are insufficient to overcome the

% PR PPN TNIS) MK YUS COp T SR tor

gram, Resp respiration, IN inspiration, EX expiration,
Pres pressure, Ao aortic pressure, PCW pulmonary capil-
lary wedge pressure, Peric intrapericardial pressure

increased intrapericardial pressure. During tam-
ponade, inspiration increases inflow to RV, caus-
ing an abrupt expansion of the RV during diastole
at the expense of the left ventricle. Conversely
during expiration, left ventricular expansion
causes RV and RA diastolic collapse (Fig. 3).
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This reciprocating behavior of the ventricles dur-
ing respiration is responsible for a paradoxical
pulse, defined as an exaggeration (>10 mmHg) of
the normal inspiratory decrease in systolic blood
pressure [8].

Assessment of Pericardial Effusion
on Ultrasonography

Ultrasonography (echocardiography) is safe, low
cost, portable, and readily available at bedside in
urgent situations, and hence an excellent tool for
assessment of pericardial effusion and its effects
on hemodynamic compromise, as recommended
by the 2015 European Society of Cardiology
(ESC) guidelines as well as a 2003 task force
comprising of American College of Cardiology
(ACC), the American Heart Association (AHA),
and the American Society of Echocardiography
(ASE) [9, 10].

POCUS can not only assess the presence of
pericardial fluid (pericardial effusion) but also
help determine the physiologic and hemody-
namic effects of such an effusion (cardiac tam-
ponade) and aid in drainage (pericardiocentesis)
[11]. Focused POCUS imaging can be extremely
helpful during a period of acute decompensation
if cardiac tamponade is suspected. However, a
more comprehensive exam is recommended after
hemodynamic stabilization to find the cause and
under pathophysiology. For neonates, practice
guidelines and application of targeted neonatal
echocardiography for the diagnosis and manage-
ment of pleural effusion have been published [12]
and the use of POCUS has been recommended
for the assessment of pericardial effusion and
pericardiocentesis by the International evidence-
based guidelines on the use of POCUS endorsed
by the European Society of Paediatric and
Neonatal Intensive Care (ESPNIC) [11].

The role of POCUS is to assess the presence
of pericardial effusion and if the child is hemody-
namically stable then full echocardiography

should be solicited by the pediatric cardiologist
or clinician formally trained in performing pedi-
atric echocardiography.

A pericardial effusion appears as the echo-
lucent space between the visceral and parietal
pericardium on echocardiography. 2D echocar-
diography (ultrasonography) can offer a quali-
tative and quantitative assessment of pericardial
fluid. Pericardial effusion can be appreciated
on parasternal long, parasternal short, apical
and subcostal views, and its assessment should
utilize multiple views if the patient’s condition
allows.

Ultrasound (Echocardiography) Views

A left-sided pleural effusion can mimic pericar-
dial effusion. However, this can easily be distin-
guished on 2D parasternal long axis view with
pericardial effusion appearing as fluid between
the descending aorta and heart. Left pleural effu-
sion, on the other hand, is seen posterior to the
descending aorta (Fig. 4).

Effusion can be further differentiated into
global or localized effusion (Fig. 5).
Parasternal short axis and subcostal views are
commonly used for this. However, it should be
remembered that with a subcostal view, the
angle of the probe can easily alter the estima-
tion of the size of the effusion. More impor-
tantly, repeated measurements should be
obtained in the same area, and from the same
view to allow for consistent quantitative and
qualitative comparison.

Quantitative assessment can be made by
measuring fluid collection on 2D imaging from
the epicardial surface of the heart to its maxi-
mum dimension at end diastole, with identifica-
tion of the location [11]. Traditionally,
pericardial effusion has been classified as trivial
(only visible during systole), small (<10 mm),
moderate (10-20 mm), large (>20 mm), or very
large (>25 mm) in adults [13]. However, size by
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Fig. 4 Differentiating pericardial effusion from pleural
effusion on 2D parasternal long axis (PLAX) view. (a)
Pericardial fluid anterior to descending aorta (DAo) while

Pericardial effusion

Fig. 5 Pericardial effusion. (a) Pericardial effusion (PE)
in subcostal view with effusion primarily around the right
atrium (RA). (b) Global pericardial effusion in apical

itself may not entirely be the predictor of hemo-
dynamic significance, as this may also depend
on how rapidly the fluid accumulates. Of note,
there are no validated methods of accurately
quantifying  volume of effusion using
ultrasound.

Qualitative assessment of pericardial effusion
should be prioritized by the POCUS provider.
The size of the effusion can be accurately esti-
mated qualitatively using the eyeball technique.
Trace effusions can be physiologic in many
infants and children. Moderate and large effu-
sions are typically circumferential. Presence of
stranding, swirling echoes, adhesions, or uneven
distribution may be reflective of the exudative

pleural effusion (b) is seen posterior to DAo. LV left ven-
tricle, RV right ventricle, LA left atrium, DAo descending
aorta

Pericardjal
effusion

4-chamber view. LV left ventricle, RV right ventricle, LA
left atrium, RA right atrium, PE pericardial effusion

nature of effusion. In contrast, transudates show a
more echo-free signal, characterized by sinusoid
image in M-mode echocardiography.
Hemorrhagic products may be identified by
swirling echoes due to blood clots [14].

In addition to the standard 2D images,
M-mode and Doppler analysis on echocardiog-
raphy offer important information regarding
the physiologic impact of a pericardial effu-
sion. The pericardial space normally difficult
to visualize on M-mode echocardiography. In
the presence of an effusion, an echo lucent
space can be appreciated either anterior to the
RV or behind the posterior wall of the LV [14]
(Fig. 6).
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" Pericardial effusion

Fig. 6 Pericardial effusion on 2D parasternal long axis (PLAX) view (a), parasternal short axis (PSAX) view (b), and
in M-mode in PSAX view (¢). LV left ventricle, RV right ventricle, LA left atrium

Cardiac Tamponade

Cardiac tamponade is a clinical diagnosis. The
physiologic features of cardiac tamponade result
from the increase in intrapericardial pressure due
to the effusion, leading to impaired cardiac filling
and adverse effect on cardiac function [1, 15-17].
The amount and the rate of fluid collection rela-
tive to pericardial stretch predict the hemody-
namic significance [7].

The clinical features associated with cardiac
tamponade are hypotension with narrow pulse
pressure, muffled heart sounds, and pulsus para-
doxus. Ventricular interdependence (as discussed
above in anatomy and physiology) is the phenom-
enon in which an increase in the volume of one of
the ventricles leads to a decrease in the volume of
the contralateral ventricle, as seen in constrictive
pericarditis or cardiac tamponade. This leads to a
marked exaggeration of the phasic changes in right
and left ventricular filling and, consequently, stroke
volume and systolic arterial blood pressures with
inspiration. This forms the basis of pathologic pul-
sus paradoxus seen in cardiac tamponade [18].

2D ultrasonography can offer important data
regarding the hemodynamic significance of peri-

cardial effusion and can further guide immediate
evacuation and hemodynamic stabilization. If the
clinical condition allows, urgent detailed echo-
cardiography should be solicited but if the child
is decompensated then POCUS can help in guid-
ing pericardiocentesis by the clinician on the
bedside. Ultrasonographic evidence of tampon-
ade physiology may even be evident prior to clin-
ical instability though providers must remember
that pulsus paradoxus can present with other
physiologies as well. Therefore, ultrasound find-
ings must be interpreted within the clinical
context.

Comprehensive Assessment

of Cardiac Tamponade

on Echocardiography Using 2D
and M-Mode

POCUS is an excellent tool for qualitative assess-
ment and detecting pericardial effusion or cardiac
tamponade. However, a comprehensive and
quantitative assessment of cardiac tamponade
requires advanced training and expertise beyond
basic POCUS applications.
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A quantitative assessment of pericardial effu-
sion can be made, as described earlier. Swinging
of the heart within the effusion can be seen in a
moderate to large effusion in suspected cardiac
tamponade. An increase in this ventricular inter-
dependence is seen in the form of septal bounce,
a paradoxical movement of the interventricular
septum during early diastole, initially directed
towards and then away from the left ventricle
(Fig. 7) [19, 20]. This can be appreciated on
M-mode in parasternal long and short axis views.
This is a nonspecific finding and may also be
seen in constrictive pericarditis.

Chamber collapse can occur when the intra-
pericardial ~ pressure exceeds intracardiac

Fig. 7 Paradoxical
septal movement in
cardiac tamponade.
Notched interventricular
septum seen during early
diastole

FR 55Hz

Right atrial
collapse

’ -

N

pressure. Right-sided chambers are particularly
susceptible to such collapse. Right atrial collapse
during early systole, early diastolic collapse of
the right ventricle, and left-sided chamber col-
lapse are associated with cardiac tamponade
(Fig. 8). It is important to remember that right
atrial collapse in the presence of collapsed IVC is
indicative of hypovolemia and the IVC should be
dilated in tamponade physiology. Sustained right
atrial collapse, lasting from more than one-third
of the cardiac cycle is both sensitive and specific
for cardiac tamponade [21]. RV diastolic collapse
is less sensitive but more specific for cardiac tam-
ponade [22]. Left atrial collapse is very specific
for cardiac tamponade. Left ventricular collapse,

5 2

Pericardial effusion

Fig. 8 Cardiac tamponade leading to right atrial wall collapse during early diastole
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on the other hand, is less commonly seen due to
its thicker wall [7, 23, 24]. Chamber collapse
may be affected by the presence of factors that
cause RV dysfunction and/or increase RV dia-
stolic pressure such as pulmonary hypertension,
positive pressure ventilation, or severe LV dys-
function [15, 25, 26]. The combination of right
atrial and ventricular collapse plus abnormal
venous flow offers highest specificity (98%) for
cardiac tamponade [27]. In a study involving 50
patients with pericardial effusion, right atrial col-
lapse was seen in 92% and right ventricular col-
lapse in 57% of the patients, respectively [28].

An enlarged nonpulsatile vena cava with lack
of inspiratory collapse is a sensitive sign of car-
diac tamponade. Significant pericardial effusion
leads to elevation in pericardial pressure and
hence elevation of central venous pressure can
lead to dilation of IVC. A dilated IVC predicts
tamponade with 97% sensitivity [29]. However,
this is a nonspecific sign and may be present in
other clinical conditions.

Doppler Echocardiography
in Pericardial Effusion and Cardiac
Tamponade

Pulsed wave Doppler can offer assessment of
respiratory variation in flows and volumes.
Respiration may be normally associated with vari-
ation in the amplitude of inflow and outflow sig-
nals across the mitral and tricuspid valves, usually
not more than 20-25% variation. Normal inspira-
tory variation in peak tricuspid E-wave velocity
may be up to 25% and mitral up to 10% in sponta-
neously breathing infants (Fig. 3) [30]. In cardiac
tamponade, decreased left ventricular filling with
inspiration can lead to delay of mitral valve open-
ing, lengthened isovolumic relaxation time, and
decreased mitral E velocity. Opposite changes
occur on expiration and reciprocal changes on the
right side [31]. Consequently, mitral flow variation
may exceed 30% and tricuspid valve flow varia-
tion may exceed 60% in the presence of cardiac
tamponade [9]. However, this variation may be
affected by mechanical ventilation (intrathoracic
pressures in general) and preload.

Similarly, >10% variation in the peak veloci-
ties of right and left ventricular outflow tracts
during inspiration are additional signs associated
with significant pericardial effusion [18] (Fig. 9).

Other findings associated with cardiac tampon-
ade are inspiratory decrease and expiratory
increase in pulmonary venous diastolic forward
flow as well as expiratory increase in hepatic
venous diastolic flow reversal. Findings of pre-
dominantly systolic forward flow in the superior
vena cava, with a decrease or loss of diastolic com-
ponent and increased flow reversals on expiration,
also offer additional evidence of tamponade [31].

Pericardiocentesis

Drainage of pericardial fluid is indicated in car-
diac tamponade or in large effusions for diagnos-
tic purposes. This can be achieved via surgical or
percutaneous approaches. This discussion will
focus on the percutaneous approach using ultra-
sound. Ultrasound can help diagnose the pres-
ence and hemodynamic significance of pericardial
effusion and guide pericardiocentesis. In a series
involving 245 procedures in 208 patients with
pericardial effusion, echo-guided pericardiocen-
tesis as the initial management strategy was suc-
cessful in 97% of the cases and it was the only
form of therapy necessary for 82% of the patients
[32]. Further studies have shown a success rate of
97% with an overall complication rate of 4.7%.
Success rates are much higher with anterior effu-
sions >10 mm (93%) vs small, posterior effu-
sions (58%) [32, 33]. Guidelines and standards
for such a procedure have been published in
adults [34]. In addition, the safety and efficacy of
this procedure have been established in adults
and pediatric patients [31, 32, 35].

Recently published POCUS guidelines by the
European Society of Pediatric and Neonatal
Intensive Care (ESPNIC) suggest strong agreement
for the use of POCUS for the detection of pericar-
dial effusion and diagnosis of cardiac tamponade in
neonates and children, and literature suggests a
lower rate of complications with ultrasound-guided
pericardiocentesis noted compared to the traditional
landmark technique [11, 32, 36, 37].
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Fig.9 Doppler assessment across left ventricular outflow tract (LVOT) showing significant variation during inspiration

and expiration

The largest pocket of effusion that is closest
to the transducer should be identified on ultra-
sound. Although subcostal, apical or parasternal
axis views can be used to visualize effusion, the
subcostal view is most commonly described for
the purpose of drainage. Pericardiocentesis can
be performed using either static or dynamic
methods of ultrasound guidance. For the former,
the area with the largest fluid collection and thin-
nest anterior chest wall is identified with ultra-
sound, marked, and then the needle is introduced
at that site into the pocket for drainage without
sonographic guidance. Ultrasound can also be
used to determine the depth of insertion of the
needle. Real-time ultrasonography can be used
to direct dynamic drainage whereby insertion of
the needle into the chest is actively followed
under direct visualization as it enters into the
pericardial space. Dynamic guidance correctly
performed ensures that the needle tip is continu-
ously visualized to avoid trauma to the vital
organs.

For both a blind and ultrasound guided sub-
costal approach, an angiocath is inserted between
the xiphoid process and left costal margin at a
shallow angle (<30°) to pass under the costal
margin. The needle should be advanced towards
the left shoulder while aspirating. Major compli-

cations associated with the procedure are cardiac
perforation, pneumothorax, coronary perfora-
tion, injury to abdominal organs, and death. As
noted earlier, these are significantly reduced with
ultrasound guidance.

Success is largely dependent on the operator’s
comfort and experience with the procedure.
Additionally, transducer placement and site of
needle entry may be limited by the small size of
the child. Caution should be exercised to avoid
the internal mammary artery (3—5 cm lateral to
lower sternal border) and the neurovascular bun-
dles that run below each rib. Side-to-side manip-
ulation of the needle during needle entry should
also be avoided to prevent inadvertent laceration
of myocardial tissue or vessels [38].
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Echocardiographic Diagnosis
and Hemodynamic Evaluation
of the Patent Ductus Arteriosus

Echocardiography is the gold standard non inva-
sive bedside imaging modality to evaluate a pat-
ent ductus arteriosus (PDA). In addition to make
a confirmative diagnosis of PDA and exclude/
diagnose any associated congenital heart defect
(CHD), it can help in estimating the magnitude of
shunt volume and assessing its hemodynamic
significance—it can be used to assess the hemo-
dynamic impact from pulmonary over-circulation
and systemic hypoperfusion due to shunt volume
[1-3]. This could be systematically achieved by
assessing: (a) ductal characteristics, (b) parame-
ters of pulmonary over-circulation, and (c) signs
of systemic hypoperfusion (Fig. 1).

Various echocardiographic parameters have been
described in the research setting as well as complex
staging/scoring systems [3, 4]. In this chapter, we
will focus on the parameters which can help clini-
cians in making a clinical decision at the bedside.

Echocardiographic Assessment
of Ductal Ccharacteristics

Echocardiography can be used to assess the
size of PDA by measuring transductal diame-

Ductus arteriosus
characteristics

ter. Interrogation of shunt direction, and
velocity of blood flow across the ductus arte-
riosus can be measured by using Doppler
technique.

Measuring Transductal Diameter

Although the PDA can be visualized from many
windows, the high left-sided parasternal “ductal”
view and suprasternal arch view are preferred to
obtain a clear 2D image and accurately measure
the size of the ductus arteriosus. PDA size is
measured from the transductal diameter at the
site of maximum constriction (narrowest dimen-
sion), which is usually at the pulmonary end.
Many studies have described measuring the PDA
size using color Doppler, although measuring its
diameter in 2D is more accurate. However, to
avoid an over or under-estimation, it is important
to know the shape of the PDA [2, 5]. It will there-
fore be important to carry out a sweep starting at
the level of the aortic arch up to the pulmonary
artery.

If color Doppler is used to measure the ductal
size, the gain setting should be adequately opti-
mized to minimize the risk of over-estimation.
Color comparison or simultaneous mode, which
allows 2D and color Doppler images side by side,
can be applied to measure ductal size in both
modes using frame-by-frame technique [1]
(Fig. 2).

 Ductus arteriosus (DA) size
e Shunt direction on colour flow Doppler

» Doppler flow pattern across DA

Assessment of
pulmonary over-
circulation

Assessment of
systemic hypo-
perfusion

Fig. 1 Summary of an approach to the echocardiographic
assessment of PDA and hemodynamic evaluation. LA left
atrium, LV left ventricle, DA ductus arteriosus, Ao aorta, SMA

» Volume overloading of left heart (LA, LV)

* LA/Ao ratio, increased LPA diastolic velocity,
mitral E/A ratio, left ventricle function

» Post-ductal aortic blood flow pattern

» Doppler assessment of blood flow in coeliac
trunk, SMA, ACA or MCA; SVC flow

oS

superior mesenteric artery, ACA anterior cerebral artery,
MCA middle cerebral artery, SVC superior vena cava, LPA
left pulmonary artery (copyright—Dr: Yogen Singh)
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Fig. 2 Measurement of ductal size on 2D and color
Doppler on high left parasternal “ductal view.” (a) A sig-
nificant discrepancy between ductal diameter measure-
ment on 2D and color Doppler—over-estimation of ductal
size on color Doppler due to gain setting; (b) no signifi-

Direction of Shunt Across the Ductus
Arteriosus

The direction of the ductal shunt depends upon
the relationship between the pulmonary and sys-
temic pressures. It is assessed using color
Doppler. The direction of blood flow across
the ductus arteriosus is normally left to right,
from the aorta (high systemic pressure) to the
pulmonary artery (low pulmonary pressure) but it
can be right to left or bidirectional when there is
high pulmonary vascular resistance or when there
is an anatomical cause (due to certain CHDs).
With the conventional setting of the Nyquist
scale, left to right shunt is seen as a red jet while
right to left shunt is seen as blue [1, 6]. A right to
left shunt across the PDA is more difficult to see
because the color Doppler will show it as a blue
jet, blood going towards aorta from pulmonary
end, similar to branch pulmonary arteries. Color
comparison or simultaneous mode can be very
helpful in this situation. Bidirectional flow is
often seen during transitional circulation or when
the pulmonary artery pressures are equal to
the systemic pressures [2, 6]. Shunt direction can
also be assessed using pulse or continuous wave
Doppler, where left to right shunt is seen above
the baseline (blood coming towards the probe)
while right to left shunt is seen below the baseline
(blood going away from the probe) [1, 6] (Fig. 3).

Velocity of Shunt Across PDA and Its
Significance

The shunt velocity across the PDA during the car-
diac cycle can be obtained by applying pulse or

cant discrepancy between ductal diameter measurement
on 2D and color Doppler after optimization of gain set-
ting. LPA left pulmonary artery, RPA right pulmonary
artery, PDA patent ductus arteriosus (copyright—Dr.
Yogen Singh)

continuous wave Doppler in the ductus arteriosus.
The maximum velocity during systole and dias-
tole can be measured. Nonrestrictive shunts have
a low peak systolic velocity with a high systolic to
end-diastolic velocity gradient while restrictive
shunts have a high peak systolic velocity and a
low systolic to diastolic velocity gradient. A ratio
of >2 between peak systolic and end-diastolic
velocity is considered as a pulsatile flow pattern
while a ratio of <2 is described as a restrictive
shunt suggestive of a closing PDA [7, 8] (Fig. 4).

Echocardiographic Evaluation
of Pulmonary Over-Circulation

The increased pulmonary blood flow from a sig-
nificant left to right ductal shunt leads to pulmo-
nary overcirculation and therefore, increased
pulmonary venous return. This volume overload to
the left atrium (LA) gradually dilates this chamber.
If this significant left to right shunt persists over
time then dilatation of the left ventricle from
increased preload, especially in absence of a large
intra-atrial shunt also occurs. As the aortic valve
annulus (Ao) is a relatively fixed structure and it
does not get dilated due to left heart overloading,
the LA/Ao ratio can be used as a surrogate of
increased pulmonary venous return [9, 10].
Similarly, the left ventricular end-diastolic diame-
ter (LVEDD) can be used as a surrogate marker for
pulmonary venous return. In clinical practice, the
volume overload of the left heart can be subjec-
tively assessed by “eyeballing” [11] (Fig. 5).
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A
' Left to right ﬁo’_

across PDA

Fig. 3 Assessment of PDA shunt direction on color flow
and spectral Doppler. (a) Left to right shunt seen as red
(blood coming towards probe) while blood in branch pul-
monary arteries is seen as blue (blood going away from
the probe); (b) right to left shunt seen as blue color—simi-
lar to branch pulmonary arteries in a view “three legged
trouser”; (c) Pulsed Wave Doppler assessment showing

»
.|
\ {
Peak systolic velocity

Peak diastolic velocity

Unrestrictive Flow:
EDV < half of peak velocity

Fig. 4 Assessment of restrictive and unrestrictive flow
pattern on Doppler assessment of PDA. (a) Unrestrictive
flow pattern with end-diastolic velocity (EDV) less than

Both LA/Ao ratio and LVEDD can be mea-
sured from the parasternal long axis view using
M-mode with the cursor perpendicular to the
aorta at the level of the aortic valve or at the tip
of the mitral valve leaflets, respectively (Fig. 6).
LA/Ao ratio of >1.4 is considered significant
and has been used as a cut-off value in many

Y. Singh et al.

Right to left flow
across PDA

(e]

SR AL ﬁ (% N
Right to left fow velocity PR

left to right shunt (above the baseline as blood coming

towards the probe) and (d) Doppler assessment showing

right to left shunt (below the baseline as blood going away

from the probe). LPA left pulmonary artery, RPA right pul-

monary artery, PDA patent ductus arteriosus (copyright—
Dr. Yogen Singh)

-

Peak systolic velocity

Peak diaftolic velocity

Restrictive Flow:
EDV > half of peak velocity

half of the peak systolic velocity and (b) A restrictive flow
pattern with end-diastolic velocity (EDV) more than half
of the peak systolic velocity. (copyright—Dr. Yogen Singh)

clinical trials [11]. The normal reference ranges
for LVEDD in preterm infants in relation to
body weight and postnatal age have been pub-
lished and z-scores should be used for LVEDD
[12].

Variable degree of mitral valve insufficiency is
often seen in infants with a persistently large
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Fig. 5 Assessment of left heart volume overload on
visual inspection “eyeballing.” (a) Apical 4-chamber view
in 2D showing dilated left side of the heart (dilated left
atrium and left ventricle); (b) Mitral regurgitation on color
flow mapping as blue jet going back to the left atrium (see
explanation in text); (¢) “Crab view” showing dilated pul-
monary veins reflecting increased pulmonary venous

Fig. 6 Assessment of left atrium (LA) to aorta
(Ao) ratio in parasternal long axis view. LA and
Ao diameter measurement shown using
M-mode. (copyright—Dr. Yogen Singh)

PDA and significant left heart dilatation. It occurs
due to left atrial dilatation resulting in stretching
of mitral valve and left ventricular volume
overload. The mitral valve regurgitation usually
improves significantly with normalization of left
atrial size and resolves completely within weeks
after PDA closure [13].

While assessing left heart volume overload
one should be mindful of intra-atrial shunts. A
large left to right shunt through the foramen ovale

Vitral
\.: regurgitation

)

Aortic
valve (Ao)

return and (d) Dilated left atrium in parasternal short axis
view—on visual inspection LA looks double the size of
the aortic valve (Ao). LA left atrium, LV left ventricle, RA
right atrium, RV right ventricle, Ao aortic valve, RUPV
right upper pulmonary vein, RLPV right lower pulmonary
vein, LLPV left lower upper pulmonary vein (copyright—
Dr: Yogen Singh)

Left atrium (LA) / Aorta (Ao) ratio measurement

or atrial septal defect can “offload” the left side
of the heart even in the presence of a significant
ductal shunt leading to an artificially low/normal
LA/Ao ratio or low LVEDD.

The presence of forward pulmonary flow in
diastole in the left pulmonary artery (LPA) has
been described as a sign of significant left to right
shunt through the PDA. Using pulsed wave
Doppler in the LPA, mean and end-diastolic
velocity can be measured and cut-off points of
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Fig. 7 Doppler assessment of blood flow in
left pulmonary artery (LPA) showing increased
diastolic velocity indicative of significant ductal
shunt in diastole leading to turbulence and
increased velocity. (copyright—Dr. Yogen
Singh)

0.42 m/s and 0.20 m/s, respectively have been
described as indicative of significant ductal shunt
[14] (Fig. 7).

The mitral valve E/A ratio refers to the ratio of
the velocity of the early (E) diastolic phase of
ventricular filling versus the late atrial (A) con-
traction component. Mitral valve E/A ratio can be
obtained from apical 4-chamber view with the
pulse Doppler range gate set slightly below the
mitral valve annulus. In preterm infants, mitral
valve E/A ratio is usually <1 due to poor compli-
ance of the myocardium leading to moderate
impairment of diastolic performance and low
early diastolic filling velocity. In the presence of
a hemodynamically significant PDA (hsPDA),
atrial pressure increases because of high pulmo-
nary venous return and this leads to a reversal of
the E/A ratio >1 [2].

Various other echocardiographic parameters
have been studied and described to assess pulmo-
nary circulation such as left ventricular output
(LVO) to superior vena cava flow (SVC) ratio and
decreased isovolumic relaxation time (IVRT)
using tissue Doppler Imaging (TDI) [14].
However, echocardiographic assessments (such
as SVC flow and LVO estimation) that need mul-
tiple measurements are not only time-consuming
but also has the potential to make errors in mea-
surements and they have significant intra- and
inter-observer variability [15-17]. Hence, the
common echocardiographic parameters often

Y. Singh et al.

Increased diastolic velocity in LPA

used in clinical decision-making at the bedside
remain qualitative assessment on visual inspec-
tion “eyeballing,” LA/Ao ratio, LPA diastolic
velocity and LVEDD measurement. Mitral E/A
ratio is easy to measure but one should be mind-
ful that even in preterm infants with no hsPDA
E/A ratio gradually become >1 with time as myo-
cardium compliance improves.

Echocardiographic Evaluation
of Systemic Hypoperfusion

In the presence of a large PDA, blood shunts
away from the systemic circulation throughout
the cardiac cycle; however, this becomes more
apparent during diastole and it can be studied
using pulsed wave Doppler on echocardiography
[11, 16]. Retrograde or absent blood flow during
diastole in descending aorta below the ductal
ampulla, in the coeliac axis or sin the uperior
mesenteric artery have been described as indica-
tors of significant PDA shunt leading to systemic
blood steal (systemic hypoperfusion) [9, 17].
Doppler flow patterns from the descending aorta
can be obtained from a suprasternal or high para-
sternal view with the pulsed wave Doppler sam-
ple gate placed distal to the origin of ductus
arteriosus (ductal ampulla) (Fig. 8).

Similarly, celiac trunk or superior mesenteric
artery can be interrogated using pulsed wave
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Forward flow in diastole in descending aorta

Fig. 8 Pulsed Wave Doppler assessment of blood flow in
descending aorta (Post-ductal flow). (a) Forward blood
flow during disatole and (b) Retrograde blood flow during

colour flow Doppler of coeliac trunk
and superior mesenteric artery (SMA)

Fig. 9 Color flow mapping and pulsed wave Doppler
assessment of blood flow in the coeliac trunk and superior
mesenteric artery in sub-costal sagittal view. (a) Color
flow mapping of the coeliac and superior mesenteric

Doppler in the sagittal abdominal view (Fig. 9).
Doppler assessment of the anterior cerebral
artery in the mid-sagittal view of brain ultrasound
can be performed and retrograde flow during
diastole would suggest significant ductal shunt—
similar to coeliac or superior mesentery artery
Doppler assessment. However, to date, the clini-
cal relevance and long-term outcomes of the
deranged cerebral Doppler flow patterns remain
unknown [1, 18] (Fig. 9).

Based upon the clinical and echocardio-
graphic criteria various staging systems have
been described and have been shown to help in

Hrtru‘grll.lr flow - I
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Retrograde flow in diastole in descending aorta
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diastole indicating “ductal steal” in the presence of a large
PDA. (copyright—Dr. Yogen Singh)

Forward flow

Retrograde flow

Doppler assessment of coeliac and
superior mesenteric arteries

artery and (b) Retrograde blood flow during diastole in the
coeliac and superior mesenteric artery indicating “ductal
steal” in the presence of a large PDA. (copyright—Dr.
Yogen Singh)

decision-making for intervention [3, 19].
Recently, van Laere et al. (2018) suggested
essential various echocardiographic parame-
ters including measuring left ventricular output
in all infants needing assessment of PDA [4].
However, these staging systems that require
extensive echocardiographic measurements
have not been widely adopted in pediatric car-
diology clinical practice. We have summarized
the most commonly used measurements which
help clinicians in assessing the PDA and its
hemodynamic significance on echocardiogra-
phy (Table 1).
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Table 1 Summary of the most common echocardiographic parameters used for assessment and hemodynamic evalua-

tion of PDA

PDA evaluation criteria evaluation

Essential echocardiographic parameters for assessment of PDA and hemodynamic

Ductal characteristics

* PDA size (small <1.5 mm, moderate 1.51-2 mm, large >2 mm) and
* Flow direction (Left to right, right to left, or bidirectional), and
* Doppler assessment with maximum velocity (Vmax) in systole and end diastole

Assessment of pulmonary * Dilated left side of the heart on visual inspection “eyeballing” and
over-circulation e LA/Ao ratio (mild <1.4, moderate 1.41-1.6, severe >1.6) OR

e LVEDD (correlate with z-scores) OR
LPA diastolic velocity—mean velocity >0.42 m/s, end diastolic velocity >0.2 m/s

OR
» Reversal of mitral E/A ratio
Assessment of systemic » Retrograde or absent blood flow during diastole in:
hypoperfusion — descending aorta OR

— coeliac trunk or superior mesenteric artery (SMA) OR
— anterior or middle cerebral artery

A comprehensive echocardiographic assessment should be performed to rule out any underlying congenital heart
defect or pulmonary hypertension and delineate orientation of the arch (left or right sidedness) before any

intervention to close the PDA

Advanced Hemodynamic
Evaluation—Measurement of Blood
Flow and Cardiac Output

Echocardiography can help in the advanced
hemodynamic evaluation including measure-
ment of cardiac output, superior vena cava flow,
and fluid responsiveness. Evaluation of fluid
responsiveness has been discussed in the chapter
on assessment of neonatal shock (chapter
“POCUS in Shock and Hypotension”) and a
detailed assessment of pulmonary hypertension
has been described in chapter ‘“Focused
Ultrasound in Right Ventricular Function and
Pulmonary Hypertension” on pulmonary hyper-
tension. We have discussed the estimation of left
ventricular output, right ventricular output, and
superior vena cava flow, which have not been

Blood flow (mL/kg/min) =

discussed elsewhere in this book. However,
advanced hemodynamic evaluation and these
measurements are out of the scope of POCUS
applications.

Assessment of Cardiac Output
and Blood Flow
on Echocardiography

The echocardiographic assessment of blood flow
across any “vessel or outflow tract” can be esti-
mated by multiplying the cross-sectional area
(CSA) of the vessel with the velocity time inte-
gral (VTI) of the blood flow across a specific
point where CSA is calculated and the heart rate
(HR), applying these values in the following
equation below [20, 21].

CSAxVTI (incm)xHR
Body weight (inkg)

It is applied in clinical practice to estimate left
ventricular cardiac output (LVO), right ventricu-

lar output (RVO), and superior vena flow in
children.
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Estimation of Left Ventricular Output

The CSA for LVO is calculated by measuring the
diameter at the level of aortic valve (AV) annulus
at end systole in the parasternal long axis view

(PLAX) and the VTI is measured just distal to the
AV valve by using pulsed wave Doppler in the
apical 5-chamber view. HR is calculated auto-
matically by the ultrasound machine from the
ECG recording (Fig. 10).

CSA (atAVannulus) x VTIxLVOT (incm) x HR

Left ventricular output (mL / kg / min) =

Body weight (inkg)

Despite various assumptions and limitations
(discussed below), the assessment of LVO on
echocardiography correlates strongly to the
measurements acquired by other well-estab-
lished techniques such as pressure measurement
by cardiac catheter and Fick’s dye dilution

method. The published studies showed a bias
under 10%. A recently published study on the
estimation of left ventricular cardiac output on
echocardiography correlated strongly with the
assessment by phase contrast MRI, which is
very reassuring [22, 23].

Fig. 10 Assessment of left ventricular output (LVO) on
echocardiography. (a) LV outflow tract (red arrow) and
AV annulus (red line), which has been zoomed in (b) to
measure diameter at the hinge point of AV valve. (¢) LV
outflow tract and the site for pulsed wave Doppler to mea-

sure VTI (red line showing pulsed wave sample gate). (d)
LVO in mL/min. AV aortic valve, LV left ventricle (copy-
right  @Yogen  Singh, adopted  from  Singh,
Y. Echocardiographic evaluation of hemodynamic in neo-
nates and children. Front Pediatr 2017)
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Estimation of Right Ventricular
Output

The RV output equals systemic venous return in
the absence of cardiac shunts. RV output can be
easily assessed on echocardiography. The CSA is
calculated by measuring the diameter at the hinge
point of pulmonary valve (PV) annulus at end-

Y. Singh et al.

systole in the parasternal long axis sweep view
(PLAX) or parasternal short axis view (PSAX),
and VTI is measured just proximal to the pulmo-
nary valve by using PW Doppler in the same
views. HR is calculated automatically by the
ultrasound machine from the ECG recording
(Fig. 11).

CSA (atPVannulus) x VTIxRVOT (incm) x HR

Right ventricular output (mL/kg/min)=

Body weight (inkg)

Fig. 11 Assessment of right ventricular output (RVO) on
echocardiography. (a) RV outflow tract (red arrow) and
(b) measurement of PV annulus (red line) at the hinge
point of AV valve. (¢) RV outflow tract and the site for PW
Doppler to measure VTI (red line showing PW sample

gate). (d) RVO in mL/min. PV aortic valve, PW pulse
wave, RV right ventricle (copyright @Yogen Singh,
adopted from Singh, Y. Echocardiographic evaluation of
hemodynamic in neonates and children. Front Pediatr

2017)
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Limitations of LVO and RVO
Measurement Using
Echocardiography

The measurement of LVO and RVO using echo-
cardiography has various limitations including

[1]:

1. LVO and RVO assessment may be contami-
nated by trans-atrial and ductus arteriosus
shunts, which are quite common in neonates
during transitional circulation and those with
congenital heart defects. In the presence of a
PDA, LVO reflects systemic blood flow plus
the amount of ductal shunt. Similarly, in the
presence of trans-atrial shunt (via persistent
foramen ovale (PFO) or atrial septal defect),
RVO reflects the systemic blood flow plus
atrial shunt volume.

2. Measurement of AV diameter is prone to mis-
take and CSA is calculated by squaring the
diameter, any error in measurement is
multiplied.

3. Measurement of VTI (stroke distance) is also
prone to errors. The angle of insonation, angle
between the ultrasound waves and the blood
flow, during Doppler assessment, should be
minimal. If the angle of insonation is >10% it
would underestimate the cardiac output.

The echocardiographer should be aware of
these limitations and precautions should be taken

to minimize such errors. In clinical practice, con-
sidering the trend of measurement values by
serial echocardiography may be more useful than
the absolute values.

Superior Vena Cava (SVC)
Blood Flow

SVC flow has been proposed as a surrogate mea-
sure of cerebral blood flow, and it has been asso-
ciated with short-term and long-term outcomes in
neonates [24, 25]. Several studies have reported
an association between low SVC flow in the first
24 h and intraventricular hemorrhage (IVH) and/
or neonatal death in preterm infants [24, 25].
However, other studies could not demonstrate
such association [26].

CSA is calculated by measuring SVC diame-
ter in a modified PSAX view, and VTI is mea-
sured just proximal to its connection to RA by
using PW Doppler in the sub-costal view. The
SVC is a venous structure that is D-shaped and
collapsible. Hence, measuring CSA of superior
vena cava is prone to increased error as compared
to a relatively noncollapsible AV or PV annulus.
It is recommended that SVC diameter should be
averaged over 5-10 heart cycles and best mea-
sured in M-mode. Similarly, VTI is also averaged
over 5-10 cardiac cycles. HR is calculated auto-
matically by the ultrasound machine from the
ECG recording (Fig. 12).
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Fig. 12 Measurement of superior vena cava (SVC) flow
on echocardiography. (a) SVC in modified parasternal
short axis view (PSAX) on 2D and (b) measurement of
SVC diameter in M-mode. (¢) Acquisition of color flow
Doppler in sub-costal view and (d) SVC flow in mL/min

calculated after measuring velocity time integral. (copy-
right ~ @Yogen  Singh, adopted  from  Singh,
Y. Echocardiographic evaluation of hemodynamic in neo-
nates and children. Front Pediatr 2017)

CSA (SVCinM x mode) x VTI (incm) x HR

SVCblood flow (mL /kg/min) =

Body weight (inkg)

The reference values for SVC flow in term and
preterm infants have been published with consid-
erable variations [15, 27, 28]. However, given the
risk of errors in measuring SVC diameter accu-
rately, there is no surprise that the validation stud-
ies on estimating SVC blood flow by using
echocardiography in neonates showed poor cor-
relation when compared to MRI [22]. The studies
have reported high intra- and inter-observer vari-
ability, a significant bias, and an error percentage
of up to 55% [15, 22, 27, 28]. With the current
published evidence, it is hard to recommend using
SVC flow in clinical decision-making; however, a
trend in SVC flow can be useful in clinical prac-
tice to assess the impact of any intervention.

Advanced echocardiographic techniques
and views can be applied for detailed hemody-
namic evaluation in neonates and children
including evaluation of cardiac output, pre-
load, afterload, cardiac contractility/function,
fluid responsiveness, diagnosis, and hemody-
namic evaluation of patent ductus arteriosus
and pulmonary hypertension. This advanced
evaluation needs a depth of knowledge and
high-quality echocardiography skills, and they
are out of the scope of POCUS practice. This
protocol-based evaluation using advanced
echocardiographic parameters is often used by
clinicians formally trained in neonatologist-
performed echocardiography.
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Introduction

Congenital heart diseases (CHD) are structural
anomalies of the heart and great vessels. They rep-
resent the most frequent congenital anomalies
with an incidence of 0.8—1 per 100 live newborns
[1, 2]. Every year one million children worldwide
are born with CHD and they are the first cause of
mortality due to congenital anomalies [3, 4]. CHD
develops early in fetal life as the heart is the first
functional organ in the embryo. It is therefore of
paramount importance to understand basic cardiac
embryology and its disruption leading to CHD.
Basic cardiac embryology—a brief over-
view is summarized below and illustrated in
Fig. 1[5, 6].
(a) Formation of the heart tube
In the second week of gestation, the human
embryo consists of a disc within the amniotic
fluid. Cardiogenic precursors in the epiblast
will migrate through the primitive streak to
form the mesodermal bilateral cardiogenic
areas. These will merge cranially to form a
horseshoe-shaped field. The embryonic disc
will then undergo lateral folding, bringing
together the two precursor areas creating the
primitive heart tube. The heart starts to beat
around day 21. From superior to inferior, the
heart tube consists of the aortic sinuses, the
truncus arteriosus, the bulbus cordis, the ven-
tricle, the atrium, and the sinus venosus.
(b) Looping
At day 23 the heart tube begins to loop with
the bulbus cordis moving ventrally, caudally,
and to the right (d-loop) and the primitive ven-
tricle moving dorsally, cranially, and to the left.
(c) Septation
Septation occurs between the fourth and fifth
week of development. Two endocardial cush-
ions develop from the dorsal and ventral surface
of the atrioventricular canal and fuse, separating
the atrium from the ventricle. Two other endo-
cardial cushions on the lateral walls will ulti-
mately form the tricuspid and mitral valve.
Septation of the atria begins with mem-
branous tissue, the septum primum, growing
from the roof of the atrium moving towards
the endocardial cushions. Perforations in the
center of the septum primum give rise to the

foramen secundum. A muscular septum
secundum grows to the right of the septum
primum and will overlap the foramen secun-
dum gradually. The remainder of the opening
is called the foramen ovale.

The septation of the ventricles starts with a mus-
cular interventricular ridge developing at the
apex and ultimately fusing with the endocar-
dial cushions.

(d) Systemic and pulmonary veins
The right horn of the sinus venosus increases
giving rise to the superior vena cava (SVC) and
the inferior vena cava (IVC), the left sinus horn
regresses and ultimately will become the coro-
nary sinus. The primordial pulmonary vein is
formed in the dorsal wall of the left atrium
(LA) and the branches of the pulmonary veins
become incorporated into the LA.
(e) Outflow tracts
Neural crest mesenchymal cells in the bul-
bus cordis proliferate during the fifth week
and form a bulbar ridge which continues in the
truncus arteriosus. These cells migrate to
reach the outflow tract. The ridges operate a
180-degree spiral movement to form the aor-
topulmonary septum which will then divide
into the aorta and pulmonary trunk.

(f) Heart valves

The atrioventricular valves develop
between the fifth and eighth week of gesta-
tion. The left atrioventricular valve, the
mitral valve has an anterior and posterior
leaflet, the right atrioventricular valve, the
tricuspid valve also has a septal leaflet. The
valves are attached to the septum by thin
fibrous chords inserted into the papillary
muscles. The semilunar valves (aortic and
pulmonary valves) are formed from the bul-
bar ridges and subendocardial tissue.

(g) Arterial system

The arterial system consists initially of bilat-
eral symmetric aortic arches which will undergo
major changes to create the great arteries.

(h) Conduction system

Cardiac development is a highly regulated
process implicating complex molecular path-
ways at each step of development. A multi-
tude of genes involved in this process has
been described (Fig. 2) [7].
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Disruption of this process by different
genetic, maternal, environmental, or most
often unknown factors can lead to CHD in
the fetus. During the heart developement,
earlier the disruption occurs, the more severe
the heart malformation will be [5, 6].

Classification of Congenital Heart
Defects

To this date, there is no universally accepted clas-
sification for congenital heart defects, but the one
most used is based on pathophysiology and it

includes two major categories, non-cyanotic and
cyanotic congenital heart defects (CHD). The
non-cyanotic category can be subdivided into
two groups: CHD with increased pulmonary
blood flow and CHD with obstructive blood flow
from the ventricles. The cyanotic category can be
subdivided into CHD with decreased pulmonary
blood flow and CHD with mixed blood flow [8,
9] (Fig. 3).

[ Classification of congenital heart diseases (CHD) |

| Non-cyanotic CHD |
1 l

Increased pulmonary Ostructive
blood flow lesions

Atrial septal defect Pulmonary stenosis

(ASD) (PS)

Ventricular septal Aortic stenosis (AS)

defect (VSD) Coarctation of the

Atrio-ventricular aorta (CoA)

septal defect Interrupted aotic

(AVSD) arch (IAA)

Patent ductus

arteriosus (PDA)

Fig. 3 A simple classification of congenital heart disease based on cyanosis and amount of pulmonary blood flow
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Identifying Newborns with Critical
Congenital Heart Disease

As many as 25-33% of infants born with CHD
are considered to have critical CHD, which is
defined as having a cardiac lesion requiring sur-
gical or catheter-based intervention [3]. In these
infants, any delay in diagnosis will increase mor-
bidity and mortality [10, 11]. It is therefore
important for neonatologist or intensivist per-
forming echocardiography to be able to recog-
nize these defects as early as possible.

Neonatologist performed echocardiography
(NPE) or targeted neonatal echocardiography
(TNE) should be performed by accredited neona-
tologists according to the guidelines of the
European Society of Pediatric and Neonatal
Intensive Care (ESPNIC) and American Society
of Echocardiography (ASE)/Association for
European Pediatric Cardiology (AEPC) [12, 13]
(Tables 1, 2, and 3).

Table 1 Indications for performing NPE include (but not
exhaustive list as there may be many more indications
depending upon the clinical indications and NPE service
availability):

Table 3 The standard echocardiography required for
NPE core examination

1. Anatomy
(a) Cardiac anatomy including

¢ Inflow
e Outflow
e Cardiac valves

* Cardiac chambers
(b) Skills
2D images of the neonatal heart in long axis,
short axis, high parasternal, PDA and aortic arch
view, apical and subcostal
Mode M to measure LA/Ao ratio
Pulsed and color Doppler to demonstrate normal
blood flow across valves and outflow tracts
Continuous Doppler (CW) to measure tricuspid
regurgitation (TR)
2. Systolic LV function
(a) End-diastolic and end-systolic dimension of the
LV (2D or M-Mode)
(b) End-diastolic and end-systolic thickness of the
posterior LV wall (2D, M-Mode)
(c) End-diastolic and end-systolic thickness of the
interventricular septum (2D, M-Mode)
(d) Shortening fraction (M-Mode)
(e) Ejection fraction (M-Mode or 2D Simpson)
3. Diastolic LV function
(a) Mitral valve max velocity of E wave (PW

Doppler)
Suspicion of PDA in premature baby (24-72 h of life) (b) Mitral valve max velocity of A wave (PW
Evaluation of a perinatal asphyxia Doppler)

Abnormal cardiovascular adaptation in the first 24 h
of life

4. Evaluation of pulmonary hypertension
(a) Max velocity of TR (CW Doppler)

Suspicion of persistent pulmonary hypertension
Congenital diaphragmatic hernia

(b) End-diastolic velocity of pulmonary
regurgitation (PR) (PW/CW Doppler)

Shock

5. Evaluation of PDA

Table 2 The first echocardiography should include a
complete morphologic and functional examination using a
segmental approach [14-17]

Atrial situs and position of the heart in the thorax

Systemic venous return

Size and morphology of the atria

Presence of atrial communication and direction of
shunt

Atrioventricular connection and function of AV valves

Ventricular morphology, size, and function
Ventricular septal anatomy

Ventriculo-arterial connection and function of
semilunar valves

Presence/absence of PDA and shunting
Coronary anatomy

Aortic arch and pulmonary artery anatomy
Pulmonary venous return

(a) Minimal dimension of the PDA (2D)
(b) Shunt direction (color Doppler, PW, CW)
(c) Max and mean gradient of ductal flow
(CW, PW)

6. Evaluation of an interatrial shunt:
(a) Direction of shunt (color Doppler)

7. Evaluation of pericardial effusion
(a) Measure of the effusion in diastole (2D)

Compared to comprehensive NPE evaluation,
cardiac POCUS assessment is limited and
focused at answering specific clinical question or
target specific intervention. Indications for the
cardiac POCUS, especially in neonates, are lim-
ited and it should NOT be used as a screening
tool for the CHDs, although abnormality can be
detected while performing cardiac POCUS for
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other indications. If any CHD or cardiac abnor-
mality suspected on cardiac POCUS performed
by the neonatologist or intensivist, these cases
should be urgently discussed with the pediatric
cardiology service for a formal structural echo-
cardiography and cardiac consultation. Although
cardiac POCUS is not aimed at screening or diag-
nosing CHDs, still its important for the neonatal
and pediatric intensivist performing cardiac
POCUS to have a good knowledge of cardiovas-
cular physiology and echocardiographic aspects
of critical CHDs.

The majority of newborns with critical CHDs
present with the one of the following 3 clinical
presentations: 1) shock, 2) cyanosis, and 3)
tachypnea (or respiratory symptoms). Each pre-
sentation is associated with certain types of
CHDs. Infants with critical CHDs can be asymp-
tomatic or can present with non-specific signs
and symptoms, especially early in the clinical
course while ductus arteriosus is still patent and /
or pulmonary vascular resistance is high. Specific
CHD will have some key echocardiographic fea-
tures helping to pinpoint the diagnosis which will
then have to be precisely determined on a com-
prehensive echocardiography by the pediatric
cardiologist.

A summary of the most frequent critical CHD
according to clinical symptoms, with their echo-
cardiography features and best echocardiography
views to suspect the diagnosis have been described
below.

1. Shock (The Grey Neonate)

The main clinical signs will be poor peripheral
perfusion, decreased or absent pulses, tachycar-
dia, tachypnea, and respiratory distress syndrome
as the ductus arteriosus closes and systemic per-
fusion decreases [18].

Main Cardiac Lesions

e Hypoplastic left heart syndrome
e C(Critical aortic stenosis

¢ Coarctation of the aorta

e Interrupted aortic arch

Common Key Echocardiography
Feature: Poorly Functioning Left
Ventricle

HLHS Echo Features and Best Views
(Figs. 4, 5,6, and 7; Videos 1 and 2)

Key echo feature: hypoplastic left ventricle

PLAX|PSAX | A4/5C | SC | SS
Very small X X X X
hyperechogenic
ventricle with
poor contraction
No or very X X
reduced flow
through mitral
valve
No or very X X X |X
minimal flow
through aortic

valve
Small LA X X
Small aortic X X X

annulus, very

small ascending

aorta, and arch

Retrograde flow X
in ascending aorta

PDA with right to X
left flow

Left to right shunt X
through PFO,

sometimes

restrictive (high

velocity)

Fig.4 PLAX: hypoplasia of the LV, dilated RV
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TSts MO PLAX | PSAX | A4/5C | SC|SS
Small or normal X
sized aortic annulus
Very thickened X X

aortic leaflets with

decreased mobility

Dilated, poorly X X X X
contractile LV

Hyperechogenic X X X X
endocardium

(endocardial

fibroelastosis)

Mitral X X
regurgitation,

dilated LA

In severe cases X
retrograde flow in

ascending aorta

Fig. 5 PSAX : very small aorta (Ao), dilated pulmonary
artery (PA)

Pulmonary X X
hypertension

Accelerated L-R X
shunt through PFO

Fig.6 4C: dilated RA and RV, hypoplastic LV, small LA,
mitral atresia

Fig. 8 PLAX: thickened aortic valve, post-stenotic dila-
tation of the ascending aorta, globular dilated LV with
hypertrophy

Fig. 7 Suprasternal: very hypoplastic ascending aorta

Critical Aortic Stenosis (Figs. 8 and 9;
Videos 1-4)

Key echo feature: minimal antegrade flow through aortic ~ Fig. 9 PSAX: thickened aortic valve with minimal
valve opening
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Critical Aortic Coarctation (Figs. 10 and 11; PLAX | PSAX| A4/5C SC|SS
Video 5) Hypoplastic aortic X
) ) isthmus
Key echo fe.atufe: accelerated flow in descending aorta Bicuspid aortic X
with run-off in diastole
valve

PLAX| PSAX]| A4/5C | SC| SS PDA with left to right X
Dilated, poorly X X X X shunt
contractile LV Pulmonary X X X
Hypoplastic X hypertension

transverse aortic arch

Fig. 10 Suprasternal: narrowing of the descending aorta (arrow = coarctation) in juxtaductal position with aliasing of
flow by color Doppler

JPEG CR 31:1

ITm0.4 IM 0.0
M3
| |

L}
w024

1-:- Vit 360 cmis
GP 52 mmHg

Diastolic “run-off”

Fig. 11 Suprasternal Doppler: high-velocity flow with diastolic “run-off”
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Interrupted Aortic Arch (Fig. 12)

Key echo feature: unable to visualize entire aortic arch

PLAX | PSAX | A4/5C |SC|SS

Dilated X
brachiocephalic
artery

Inability to image X
the entire arch in
suprasternal view
PDA with right to X X
left shunt
VSD X X X

2. Cyanosis (The Blue Neonate)

The main clinical signs will be central cyanosis,
sometimes associated with signs of shock.
Ductal and non-ductal dependent lesions can
cause cyanosis in the newborn. In some cases, there
will be differential cyanosis with lower saturations
in the lower extremities compared to the upper
extremities (left heart obstructive lesions) or reverse
differential saturation with higher saturations in the
upper extremities compared to the lower extremi-
ties (Transposition of the great vessels with coarc-
tation and pulmonary hypertension) [19, 20].

Ductal-Dependent Lesions

e Right heart obstructive lesions: severe pulmo-
nary valve stenosis or pulmonary atresia with
intact ventricular septum (PA-VSD), tetralogy
of Fallot’s

Dilated "
brachiocephalicartery

Fig. 12 Suprasternal: dilated brachiocephalic artery,
descending aorta perfused through PDA

e Parallel circulation: transposition of the great
arteries (TGA)

Severe Pulmonary Valve Stenosis (Fig. 13;
Video 6)

Key echo feature: thickened and doming pulmonary valve
with post-stenotic dilatation of pulmonary trunk

PLAX | PSAX | A4/5C |SC|SS
Pulmonary valve X X
thickened and
doming, restricted
opening

Aliasing of flow X X
into pulmonary
artery
Post-stenotic X X
dilatation of
pulmonary trunk

Pulmonary Atresia with Intact Septum
(Figs. 14, 15, and 16)

Key echo feature: hypoplastic, poorly contractile RV

PLAX | PSAX | A4/5C |SC|SS
Small, X X X
hypertrophied RV,
often not tripartite
with decreased
function

Pulmonary valve X X
thickened,
restricted, or no
opening

No antegrade flow X X
or very little
antegrade flow into
pulmonary artery
Retrograde flow X X
into pulmonary
artery from PDA
Severe tricuspid X X
regurgitation
PFO with right to X
left shunt
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Fig. 13 PSAX: pulmonary valve (PV) thickened, doming with restricted opening and aliasing of flow, post-stenotic
dilatation of pulmonary trunk (PT)

Fig. 14 PSAX: absent flow across pulmonary valve, ret-

rograde flow in pulmonary trunk (PT) through patent duc-

tus arteriosus (PDA) Fig. 15 4C: Hypertrophied and small RV, interatrial sep-
tum bulging to the left (and obligatory right to left inter-
atrial shunt)
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Fig. 17 PLAX: Pulmonary artery (PA) coming from LV,
aorta (AO) coming from RV, parallel arrangement of the
great vessels

Fig. 16 4C: severe tricuspid regurgitation (TR)

Transposition of the great arteries
(Figs. 17,18, and 19)

Key echo feature: parallel arrangement of great vessels

PLAX | PSAX | A4/5C | SC | SS

RV giving rise to X X
straight vessel

(aorta)

LV giving rise to X X

vessel bifurcating

(pulmonary artery)

Parallel X X
arrangement of

great vessels

(cannonball)

Aorta anterior and X

to left of

pulmonary artery

PDA with left to X X
right flow

Fig. 18 PSAX: Aorta anterior right, pulmonary artery
(PA) posterior left

Fig. 19 Subcostal: Parallel arrangement of the great ves-
sels, aorta anterior right and pulmonary artery (PA) poste-
rior left bifurcating into branches
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PLAX  PSAX | A4/5C |SC |SS PLAX | PSAX | A4/5C |SC|SS
PFO with X Large X X X
bidirectional flow perimembranous

VSD
. Single large arterial | X X X
Non-ductal-Dependent Lesions vessel overriding
e Truncus arteriosus VSD giving rise to
* Tetralogy of Fallot aorta and _
+ Total anomalous pulmonary venous return pulmonary arteries
e Tricuspid atresia Absent PDA X X
P Truncal valve X

Truncus Arteriosus (Figs. 20 and 21; Video 7)

Key echo feature: only one great vessel exiting heart

thickened with
stenosis and/or
regurgitation,
sometimes
quadricuspid

Fig.21 PSAX: Branch right (RPA) and left (LPA) pulmonary arteries coming from aorta (AO)
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Tetralogy of Fallot (Figs. 22 and 23; Total Anomalous Pulmonary Venous
Video 8) Return (TAPVR) (Figs. 24 and 25; Video 9)
Key echo feature: VSD and overriding aorta Key echo feature: very small LA, right to left shunt
PLAX | PSAX | A4/5C |sC|ss ~ (hrough PFO
Large X X X PLAX | PSAX | A4/5C | SC|SS
perimembranous Inability to X X
VSD visualize
Large overriding X X X pulmonary veins
aorta entering LA
RV hypertrophy X X Very small LA X X X
Infundibular and X X Very dilated X X X X
valvar/supravalvar right-sided cavities
pulmonary stenosis PFO with right to X
Some degree of X X left shunt
pulmonary Pulmonary X X
hypoplasia hypertension
Right aortic arch X Either dilated X X | X
(25%) SVC, IVC, or
coronary sinus
Vertical vein to X
= innominate vein
Cardiaque Dilated portal vein X
Cordiague (
infradiaphragmatic
TAPVR)

Tricuspid Atresia (Fig. 26; Videos 10 and 11)
Key echo feature: only one AV valve present (left)

PLAX | PSAX | A4/5C |SC|SS
Absent tricuspid X X
valve (echogenic
band)
No flow through X
Fig. 22 PLAX: Large ventricular septal defect (VSD)  tricuspid valve
and overriding aorta Some degree of X X X
RV hypoplasia
PFO with right to X
left shunt
Associated with X X X X
VSD, pulmonary
stenosis/atresia,
transposed great
vessels depending
on subtype

3. The Tachypneic Neonate
(Respiratory Symptoms)

Tachypnea is usually due to pulmonary edema
secondary to increased pulmonary blood flow as

Fig. 23 PSAX: Hypoplasia of pulmonary valve (PV) .
annulus, trunk (PT), and branch left (LPA) and right (RPA) pulmonary vascular resistance decreases after
pulmonary arteries with aliasing of flow through PV birth. The main clinical signs of increased pulmo-
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Fig. 25 4C: small LA, dilated RA and RV

nary blood flow are tachypnea, increased work of
breathing or respiratory distress. Respiratory dis-
tress can also be due to elevated pulmonary venous
pressures or pulmonary venous congestion [21].

Main Cardiac Lesions

e Truncus arteriosus (cf above)

e Patent ductus arteriosus in premature infants

e Large ventricular septal defects

e Atrio-ventricular septal defects (AVSD)

e Total anomalous pulmonary venous return
with obstruction - pulmonary blood flow is not
increased in this lesion but obstruction leads
to deranged pulmonary venous return and pul-
monary venous congestion

125

Vertical vein

o=

Fig. 26 4C: Echogenic band at place of tricuspid valve,
hypoplastic RV

Patent Ductus Arteriosus (Figs. 27
and 28; Video 12)

PLAX | PSAX | A4/5C | SC| SS
Flow from X X
descending aorta
to pulmonary
artery
Dilated LA/LV X X
Retrograde flow X
in descending
aorta
Retrograde flow X
in abdominal
aorta
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Ventricular Septal Defect (Figs. 29, 30,
31, and 32; Videos 13 and 14)

PLAX |PSAX | A4/5C |SC|SS
Echolucent X X X X
space in
interventricular
septum
Left to right X X X X
systolic flow
through VSD
Dilated LA/LV X X

Fig. 27 PSAX: PDA is seen connecting the PA and the
descending aorta

$8-3
35Hz
7.0cm

2D
63%

C 47

P Arrét
HRés

Coul
20%
9240Hz

FP 924Hz
3.3MHz

DC
55%
FP 225Hz

-mis

--2.0

i50mm/s * 142bpm

Fig. 28 Doppler high velocity left to right shunt (5 m/s) through the PDA, allowing to estimate a systolic pressure
gradient of 100 mmHg (Bernoulli = 4 x V?) between aorta and PA (restrictive PDA)
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Fig. 29 PLAX: Echolucent space between the two ventricles = perimembranous VSD with low velocity left to right
shunt

Fig. 32 Subcostal: left to right flow through muscular

VSD
Fig. 30 PSAX: Echolucent space in the sub-aortic inter-

ventricular septum

Atrial Septal Defect (Figs. 33 and 34;
Videos 15 and 16)

PLAX | PSAX | A4/5C | SC| SS
Echolucent space in X X X
secundum
interatrial septum
Left to right flow X X X
through VSD and
ASD
Aliasing of flow X X
through pulmonary
valve (PV)
Dilated RV and RA | X X X X

Fig. 31 4C: echolucent space in the muscular interven-
tricular septum (arrow) = trabecular VSD with dilated LV
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Atrioventricular Septal Defect (Fig. 35;
Video 17)

Key echo feature: crux of the heart defect

PLAX | PSAX | A4/5C | SC|SS
Echolucent space in X X X
inlet interventricular
septum
Common X X X X
atrioventricular valve
Echolucent space in X X X
primum interatrial
septum

Left to right flow X X X
Fig. 33 4C: echolucent space in the interatrial septum through VSD and

with left to right shunt, dilated RA and RV ASD

Dilated left and right | X X X X
heart chambers

Atrioventricular X X X X
valve regurgitation

frequent

Fig.34 Subcostal: left to right shunt through atrial septal
defect (ASD)

Fig. 35 4C: Echolucent space in primum atrial septum
and inlet ventricular septum (AVSD: defect of the crux of
the heart) with common atrioventricular valve
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Presentation of Congenital Heart Di
(CHD)
Shock = Grey baby ] l Cyanosis = Blue baby J [ Tachypneic baby I
Left heart obstructive Ductal-dependent: Non-ductal- Increased PBF

lesions Right heart obstructive dependent: *PDA
*Critical AS lesions *TAC *VSD
*CoA *Critical PS *TAPVR *ASD
*1AA *PA-IVS *TA *AVSD

*HLHS *TOF

*PA-VSD
Parallel
circulation
*TGA

Fig. 36 Clinical presentation of congenital Heart
Diseases (CHD), some CHD may show overlapping
between the different categories. Abbreviations: AS: aortic
stenosis; ASD: atrial septal defect; AVSD: atrio-ventricular
septal defect; CoA: coarctation of the aorta; HLHS: hypo-
plastic left heart syndrome; IAA: interrupted aortic arch
PA-1VS: pulmonary atresia intact ventricular septum;

PA-VSD: pulmonary atresia with ventricular septal defect;
PBF: pulmonar blood flow; PDA: patent ductus arterio-
sus; PS: pulmonry stenosis; 7A: tricuspid atresia TAC:
truncus arteriosus (common arterial trunk); TAPVR: total
anomalous pulmonary venous return; 7GA: transposition
of the great arteries; TOP: Tetralogy of Fallot; VSD: ven-
tricular septal defect

Conclusion

In well-trained hands, echocardiography is a
great tool allowing the detection and diagnosis of
almost all congenital heart defects. Early recog-
nition of critical CHD may be lifesaving, espe-
cially for ductal-dependent lesions or for those
when adequate mixing between the pulmonary
and systemic circulation is crucial for survival.
Some of these infants with inadequate central
mixing of blood may need urgent atrial septos-
tomy. A simple classification of critical CHDs
based upon their clinical presentation is summa-
rized in Fig. 36 above. When such lesions are
encountered, prompt treatment should be initi-
ated but for any newborn with suspected CHD,
pediatric cardiology referral is mandatory in
order to make the best medical and surgical ther-
apeutic plan for the child.
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Introduction

Point-of-care ultrasound (POCUYS) is a funda-
mental tool for the assessment of the lungs and
thoracic cavity in critically ill neonatal and
pediatric patients. Visualization and interpreta-
tion of pathology are largely dependent on the
generation and recognition of ultrasound arti-
facts. Lung ultrasound is extremely helpful in
acute situations such as shock and respiratory
failure (Table 1). International evidence-based
recommendations for POCUS in critically ill
neonates and children included 11 consensus
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Table 1 Essential diagnostic and therapeutic applica-
tions of lung and thoracic ultrasound

Diagnostic applications
Evaluation for

Therapeutic applications
Guidance for

pneumothorax thoracentesis

Clarification of radiograph Guidance for

findings thoracostomy tube
placement

Qualitative evaluation of Confirming location of

pleural effusion chest tube

Aid in differential diagnosis
of lung pathology

Aid in differential diagnosis
of undifferentiated shock

Adjunct for detection of
mainstem intubation

recommendations for lung POCUS [1]. The
goals of this chapter are to discuss methods of
POCUS interrogation of the thoracic cavity,
describe how ultrasound artifacts play impor-
tant roles in the assessment of lung pathophysi-
ology, describe how to differentiate pleural
effusions from atelectatic or consolidated lung,
describe the assessment for a pneumothorax,
discuss how to avoid common interpretation
pitfalls, and to review relevant ultrasound sci-
entific literature.

Anatomic Considerations

It is important to understand how different ana-
tomical structures of the chest wall can affect
ultrasound wave transduction. As reviewed in the
earlier chapter on physics of ultrasound (Chap. 2),
the interface between different tissue densities
contributes to the quality and characteristics of
the displayed ultrasound image (i.e., impedance
mismatch). Subcutaneous fat and tissue are usu-
ally a good medium for the transduction of waves.
Conversely, air is a poor medium for transduction
resulting in an impedance mismatch at its inter-
face with the soft tissue whereby ultrasound
waves are reflected. This is not only an important
consideration when identifying the pleural line

A.S.Himebauch and A. Nishisaki

Subcutaneous
Tissue

s Pleural line

Rib
Shadow

Fig. 1 The linear probe indicator is located on the upper
left portion of this image and denotes the cranial direction.
The pleural line is hyperechoic line and is located just
deep to adjacent ribs. The rib shadow and A-line artifacts
are demonstrated

(the soft tissue/air interface in healthy children),
but also in disease processes resulting in the pres-
ence of subcutaneous air. Ultrasound waves
reflected by impedance mismatch will not be
transmitted to deeper structures. Therefore, cau-
tion must be taken during the interpretation of
any ultrasound imaging when subcutaneous air is
suspected (e.g., status asthmaticus with air leak).

Ribs are highly reflective and have poor ultra-
sound wave transduction. This creates shadow-
ing that can inhibit the imaging of deeper
structures in the thoracic cavity (Fig. 1). For neo-
nates, infants, and patients with poor bone min-
eralization, rib shadowing may be minimal and a
pleural line may be visualized below the unossi-
fied ribs (Fig. 2). The parietal and visceral pleura
are both highly reflective and transduce ultra-
sound waves to deeper air-filled lung tissue.
They are arguably the most important structures
to visualize and interpret for many applications
of lung and thoracic POCUS. The ultrasound
artifacts generated by the parietal and visceral
pleura and their relationship to the underlying
contents within the thoracic cavity are used to
identify lung pathology.
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Pleural line
e

B-lines

Fig. 2 Linear probe 2D ultrasound image for thoracic
imaging in an infant identifies minimal rib shadowing
because of immature bones with less calcification.
Coalescent B-lines are also demonstrated

Ultrasound Transducer Selection,
Orientation, and Performance

For neonatal and pediatric patients, most of the
pulmonary disease processes extend to the sur-
faces of the lung or involve the pleura. This,
along with the size of patients, contributes to the
decision of which type of ultrasound probe to
choose for imaging the lung and thoracic cavity.
Higher frequency linear probes allow for a
detailed examination of the superficial structures
and pleura as well as higher axial and lateral res-
olution which may be helpful for procedural
applications. However, especially for small chil-
dren, rib interference can be a problem. For larger
children and adolescents, phased array (i.e., car-
diac) or curvilinear (i.e., abdominal) probes can
also be used. These lower frequency probes allow
for greater penetration resulting in improved
visualization in patients with thicker chest walls
or if imaging the lung and thoracic cavity from a
subcostal view. Lower frequency probes also
allow for imaging extension into the cardiac or
abdominal fields during acute resuscitations.
Patients are often supine in the neonatal, car-
diac, or pediatric intensive care unit but providers
should attempt to completely evaluate each hemi-
thorax, including the posterior regions, for the
presence of pathology. By convention, the trans-
ducer should initially be placed in the longitudinal
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or long-axis plane and perpendicular to the skin
with the probe indicator cranial in orientation.
This is a systematic evaluation and practitioners
advocate for dividing the thoracic cavity into seg-
ments or lines. Various neonatal, pediatric, and
adult emergency and critical care protocols are
published [2—4]. For a complete ultrasound evalu-
ation, the evaluator should include, at a minimum,
both anterior and lateral views of both lungs.
Clinicians should record or clip dynamic pro-
cesses while moving the probe from the apex to
the base of the lung. If there are difficulties with
visualization between ribs or if there is a desire to
focus on one part of the thoracic cavity, a short-
axis (i.e., horizontal) view can supplement the ini-
tial long-axis evaluation. Lung and thoracic cavity
ultrasound imaging can also be evaluated from
subcostal and abdominal views (Fig. 3).

Patterns and generation of artifacts are often
dependent on imaging of the pleural line (Figs. 1
and 2). For this reason, the angle of insonation
and gain should be adjusted to optimize the
brightness and visualization of the pleural line
and any imaging smoothing algorithms should be
turned off. Practically, “air rises” and “fluid falls”
so dedicated and focused imaging based on the
clinical scenario should also drive the imaging
priorities and views. As will be discussed further,
both two-dimensional (2D) B-mode and M-mode
can be utilized.

Diaphragm

Pleural effusion

Fig. 3 Abdominal and subcostal views using a phased
array or curvilinear probe may also be used to image the
lung and thoracic cavity. In this example, the right upper
quadrant abdominal view using a phased array probe
identified a small, simple hypoechoic right-sided pleural
effusion
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Lung Sliding

Lung sliding is a normal finding during lung
POCUS with 2D B-mode ultrasound. It is the
result of the movement of the parietal and vis-
ceral pleura against one another that coincides
with the respiratory cycle (Video 1). It is impor-
tant to remember that the presence of lung slid-
ing RULES OUT a pneumothorax in the area of
the visualized lung. The absence of lung sliding
is less useful as there are many causes, includ-
ing pneumothorax, bronchial occlusion (mucus
plug, mainstem intubation), severe pneumonia
or during acute respiratory distress syndrome,
and the presence of pleural adhesions or prior
pleurodesis. A related imaging finding is an
M-mode pattern known as the “Seashore sign”
(Fig. 4). The pleural line is identified (“the
shore-line”). Superficial structures should be
motionless (as long as the patient is not mov-
ing) and have a pattern of a series of horizontal
hyperechoic and hypoechoic lines (“the
waves”). Motion of the visceral and parietal
pleura is inferred by the structures deep to the
pleural line appearing granular (“the sand”).
This pattern RULES OUT pneumothorax in the
area underlying the ultrasound probe.

« +—— Pleural line

Fig. 4 Linear probe M-mode ultrasound image demon-
strating the “Seashore sign” (lower image). The upper
image is the corresponding 2D ultrasound view
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Common Ultrasound Artifacts

A-lines are reverberation artifacts visualized deep
to the pleural line that result from the reflection of
ultrasound waves between the parietal pleura and
intrathoracic air [5]. A-lines can be readily recog-
nized as horizontal in orientation, linear, and the
distance between lines is the same as the distance
between the chest wall and pleural line (Fig. 1).
A-lines require air deep into the parietal pleura.
They are therefore visible in both normal lungs as
well as if there is a pneumothorax, but they are not
visible in the presence of pleural effusions or con-
solidated lung (thoracic pathologies characterized
by tissue or fluid below the pleural line allowing
for ultrasound wave transduction).

B-lines are also reverberation artifacts that
result from the reflection of ultrasound waves due
to air/water interfaces present in consolidated or
atelectatic lungs [5—7]. B-lines originate at the
pleural line, extend vertically into the ultrasound
field, are synchronous with lung sliding, and
obscure A-lines (Figs. 2, 5, and 6) (Video 2). As
these artifacts require apposition of the visceral
and parietal pleura, their presence RULES OUT a
pneumothorax in the area underlying the ultra-

Pleural

B-lines o
Diaphragm

Spleen

Fig. 5 Linear probe 2D ultrasound image at the costo-
phrenic angle demonstrates a few scattered B-lines in the
left lower lung and a small, simple hypoechoic pleural
effusion
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= Iif-n Pleural line
5N B-lines

Fig. 6 Linear probe 2D ultrasound image demonstrating
B-lines

sound probe. Although a few scattered B-lines can
be found in the dependent areas of the lung in oth-
erwise healthy persons, they are generally consid-
ered pathologic. The differential diagnosis of
B-lines is broad and further discussion is provided
in later sections of this chapter and other chapters
(Chaps. 12-13) of this book.

Z-lines are artifacts that are also vertical in
orientation and originate from the pleural line.
They can be differentiated from B-lines as they
extend only a short distance into the viewing field
deep to the pleural line and have no known asso-
ciated pathologic conditions. Similar to B-lines,
Z-lines should also be synchronous with lung
sliding. As with B-lines, the presence of Z-lines
also RULES OUT a pneumothorax in the area
underneath the ultrasound probe.

Evaluation for Pleural Effusion

Lung ultrasound in the intensive care setting has
the capability to characterize equivocal findings
within plain chest radiographs. Pleural effusions
are easily recognized as hypoechoic areas that
separate the visceral and parietal pleura. It is not
possible to accurately quantify the volume of
pleural fluid by ultrasound therefore we rely on
discrete qualitative designations such as small,
moderate, or large.

Both the appearance and location of pleural
fluid should be characterized. When visualizing a
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«—— Diaphragm

Liver

Fig. 7 For the detection of pleural effusions and to help
differentiate fluid that may be in the peritoneal cavity ver-
sus the pleural cavity, it is important to demonstrate ana-
tomic boundaries, including the diaphragm, chest wall,
and lung. This figure demonstrates these boundaries when
a pleural effusion or peritoneal fluid is not present. (See
Fig. 5 for demonstration of the same structures with a
small pleural effusion)

pleural effusion, it is very important to first iden-
tify the anatomic boundaries of the diaphragm,
chest wall, and lung to accurately differentiate
pleural effusion from ascites (Fig. 7). Simple
effusions are hypoechoic (black) in appearance
and are best detected at dependent areas of the
thoracic cavity (Figs. 3 and 5). Complex effu-
sions are heteroechoic; septations and fibrin
strands may be visible, and swirling debris may
be noted that is agitated by cardiac or respiratory
motion (Video 3). Pleural effusions can easily be
recognized from subcostal, subxiphoid, and
abdominal views (Fig. 3). As discussed in later
chapters, ultrasound has a clear role in improving
the safety of thoracic procedures (including tho-
racentesis and chest tube placement) by identify-
ing the superior diaphragm border to localize
optimal insertion sites.

Evaluation for Pneumothorax
A very important and practical application of

lung ultrasound is the acute assessment of a
pneumothorax. Lung ultrasound has been shown
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to be faster and more accurate for the detection of
pneumothorax in neonatal, pediatric, and adult
populations [8—12]. The visualization of lung
sliding, B-lines, Z-lines, and a lung pulse all
RULE OUT a pneumothorax within the
ultrasound-interrogated region of the chest. Lung
pulse is most often seen in the setting of left-
sided lung atelectasis and can be recognized as
the rhythmic pulsation of the lung in synchrony
with the heartbeat that is transmitted through the
lung parenchyma to the pleural surface. Lung
sliding, B-lines, Z-lines, and a lung pulse all
require apposition of the visceral and parietal
pleura for visualization. Given the many possible
reasons for losing lung sliding, B-lines or Z-lines,
the absence of lung sliding, B-lines, or Z-lines
are highly sensitive but not specific to pneumo-
thorax [13].

Alternatively, the lung point is an ultrasound
finding that is specific (RULE IN) for pneumotho-
rax in the right clinical scenario. A lung point can
be visualized in 2D B-mode at the point of transi-
tion between the presence of lung sliding (with
apposed visceral and parietal pleura) and absence
of lung sliding (where air is located between the
visceral and parietal pleura) (Video 4). In 2D
M-mode, visualization of the ‘“barcode,” also
known as “stratosphere” sign can help to detect
pneumothorax. If there is no movement below the
pleural line, the appearance of the M-mode image
is horizontal hyperechoic and hypoechoic lines
above AND below the pleural line (Fig. 8).

P+eufa|_!.i_n_e

M-mode

“Barcode Sign” ahlinage

Fig. 8 Linear probe M-mode ultrasound image (left)
demonstrating the “barcode sign,” which is suggestive of
a pneumothorax located in the area under the ultrasound
probe. The corresponding 2D ultrasound image is shown
on the right side
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|——<+——— Pleural line

Seashore

Sign Sign

Fig.9 Linear probe M-mode ultrasound image at the site
of a lung point, which is very specific sign for pneumotho-
rax in the area under the ultrasound probe. In this image,
there is intermittent “Seashore sign” and “Barcode sign”
as the lung point comes in and out of the plane of the
M-mode

M-mode can also visualize a lung point as alter-
nating “barcode” and “seashore” signs under the
ultrasound probe (Fig. 9). While a lung point is
very specific for identifying a pneumothorax, in a
rare situation it can also be visualized in other
pathologic conditions such as pulmonary blebs
[14]. Importantly, the lung point is typically not
identified in patients with a large pneumothorax
because the transition point between pneumotho-
rax and normally apposed pleura often does not
exist (i.e., sensitivity of lung points for diagnosing
pneumothorax is low). In a practical sense, when
the clinical suspicion is high for pneumothorax,
and lung sliding and B- or Z-lines are not present
on POCUS, clinical intervention should be made
to evacuate the pneumothorax without spending
additional time to look for lung points.

Differential Diagnosis of B-Lines

As noted previously in this chapter, the differen-
tial diagnosis of B-lines is wide and requires clini-
cal data for accurate interpretation. The presence
of scattered B-lines can occur in neonates and in
otherwise healthy lungs in children, particularly
in dependent regions. During the ultrasound eval-
uation of lungs, the sonographer needs to interpret
both the density and location of B-lines.
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Coalescent B-lines, defined as multiple B-lines
“fused” together, can be seen in many neonatal,
pediatric, and adult disease states, including car-
diogenic pulmonary edema, non-cardiogenic pul-
monary edema, viral pneumonia or bronchiolitis,
transient tachypnea of the newborn, respiratory
distress syndrome, interstitial lung disease, acute
respiratory distress syndrome, and chronic lung
disease (Fig. 2). Focal B-lines can be seen in
pathologies including atelectasis, lobar pneumo-
nia, pulmonary contusions, pulmonary infarcts
from pulmonary emboli, and, though rare in pedi-
atrics, associated with lung masses [1, 5, 7].

Adult emergency medicine and critical care
literature describe protocols and algorithms using
B-line patterns to help differentiate cardiogenic
pulmonary edema from other causes of dyspnea,
sometimes in combination with a multimodal
POCUS assessment [15-19]. Similarly, while
algorithms have been published for neonatal and
pediatric populations, [20] they are currently not
as well developed or tested but the experience is
increasing. This is particularly the case in neona-
tal lung ultrasound and is discussed more exten-
sively in Chap. 13.

Evaluation of Consolidated or
Atelectatic Lung

The appearance of consolidated or atelectatic
areas of lung result from various densities of air,
fluid, and lung tissue. Dynamic or static air bron-
chograms are often visualized and the lung itself
may have a similar sonographic appearance to
the liver (so-called hepatization of the lung).
Dynamic air bronchograms are highly specific
for pneumonia and are identified by hyperechoic
and often linear structures that have a “sparkly”
appearance during the respiratory cycle [21, 22].
Alternatively, static air bronchograms do not
have a variable appearance with the respiratory
cycle (i.e., indicating no airway flow in small
bronchial branches) and can indicate either atel-
ectasis or pneumonia.

Lung consolidations are easily detected by
POCUS and have proven more sensitive than
chest radiograph in the diagnosis of pneumonia
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nﬁﬁr—— Pleural line
= -

K Subpleural

consolidations

Fig. 10 Linear probe 2D ultrasound image demonstrat-
ing subpleural consolidations

in the Emergency Department setting, espe-
cially when a consolidation with a diameter
<10 mm is identified [23]. While the diagnosis
of pneumonia using POCUS is more sensitive
than chest radiograph, antibiotic treatment of
pneumonia only detectable by lung POCUS
remains controversial. Subpleural consolida-
tions can appear as small (i.e., less than 5 mm),
irregular hypoechoic structures that are adjacent
to the pleura (Fig. 10). These can be seen in a
variety of neonatal and pediatric diseases,
including meconium aspiration syndrome, bron-
chiolitis, chronic lung disease of prematurity,
and areas of infarction associated with pulmo-
nary emboli.

Summary

The performance and interpretation of lung and
thoracic ultrasound are increasingly important
skills for the practitioner who cares for critically
ill and injured neonates and children. Being sys-
tematic in the assessment, learning how to iden-
tify and visualize important anatomic boundaries,
knowing how to interpret ultrasound artifacts,
developing pattern recognition of different patho-
logic processes, and knowing the limitations of
the techniques will allow for successful incorpo-
ration into clinical practice.
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Airway Ultrasound part of the medical record is highly

recommended.

Imaging of the airway is amenable to probes with

linear or curvilinear faces to provide detailed

imaging near the skin surface. Since the region of Applications

ultrasound interrogation is relatively superficial,
high-frequency probes including linear or micro-
convex curvilinear probes are preferred for this
purpose. Musculoskeletal or small parts imaging
settings with higher frequency presets permit
high-resolution imaging of small throat struc-
tures and appropriate frame averaging smooths
images and reduces noise. Given the importance
of airway diagnosis, recording of imaging as a
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Evaluation of Intubation

Measurement of Tracheal Diameter

In older pediatric populations through adulthood,
direct visualization of the endotracheal tube has
been described with the probe held transversely
over the trachea inferior to the cricothyroid mem-
brane [1-11]. In a study of 50 children with con-
genital scoliosis undergoing surgery [3], an
ultrasound-based protocol demonstrated a strong
correlation between predicted and required endo-
tracheal tube (ETT) size confirmed by the pres-
ence of an appropriate leak. In patients with
cervical scoliosis there was a moderate correla-
tion, with ultrasound frequently overestimating
tube size. The authors suggest this overestima-
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tion occurs because the trachea appears ellipsoid
in this view and measurements did not capture
the smallest diameter of the trachea. A study of
152 children receiving adenotonsillar surgery
demonstrated that airway ultrasound accurately
determined ideal ETT size in 88% of patients,
with 15 patients requiring larger and 3 requiring
smaller tube diameters [1]. Evidence suggests
practice is needed to develop a reliable technique
of measurement as only 10 of 16 (62.5%) anes-
thesiology residents performing airway ultra-
sound were proficient in appropriately measuring
tracheal diameter appropriately after 30 examina-
tions [12]. With focused attention to training and
skill development, this technique may benefit
children with normal airway anatomy. In the set-
ting of airway pathology such as subglottic steno-
sis, cephalad to caudal sweep of the airway is
likely necessary to attain a complete assessment.
However, there is limited data of the efficacy of
this metric in patients with subglottic stenosis or
other airway irregularities therefore no recom-
mendation can be made for standardized
evaluation.
To assess the airway, in a transverse view:

1. Visualize the trachea: normally the air artifact
within the cylindrical trachea only permits a
semicircular view of its anterior surface
bounded by air behind it. The homogenous
thyroid gland is visible surrounding the tra-
chea, and the great vessels of the neck may
also be seen (Fig. 1).

2. Angle the probe such that it is held slightly
left of midline. This permits views of the
esophagus, which appears as a collapsed
ellipsoid in profile. Because the esophagus
can be visualized in this profile, this view has
been proposed as a method of assessing ade-
quacy of cricoid pressure though further stud-
ies are necessary to demonstrate efficacy in
children [13, 14].

3. From this view, it is potentially possible to
monitor intubation. Changes during intuba-
tion can be subtle as the endotracheal tube,
similar to the trachea, is an air-filled cylinder.
Therefore, most authors who endorse this
technique suggest that one visualizes the tra-

Fig. 1 Transverse trachea (arrow)

chea during the intubation process for con-
firming that the endotracheal tube is passing
into the airway [15, 16]. A probe placed on the
neck for monitoring during intubation can
obviously confound applying and/or main-
taining cricoid pressure during intubation.

Direct Visualization of Endotracheal
Tube Cuff
After intubation, confirmation of tube place-
ment depth has also been described where
ultrasound imaging of the endotracheal tube
cuff is confirmed at the suprasternal notch. This
technique was first described by Tessaro et al.
(compared to fiberoptic bronchoscope) and Uya
et al. (compared to fluoroscopy) [17, 18]. To
date, a study comparing ultrasound assessment
of cuff position to chest radiography remains
lacking and complications including malposi-
tioned ETTs remaining above the glottis cannot
be assessed using ultrasound. Identification of
the ETT cuff in the suprasternal notch can be
particularly challenging with air-filled cuffs
due to obscuring effects of air, and therefore
both studies cited used a saline-filled cuff in a
perioperative setting. It is unclear whether lon-
ger dwelling endotracheal tube cuffs in the ICU
require different considerations regarding
saline injection.

Using this method:

1. Place the probe again transversely but at the
level of the suprasternal notch.
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Fig.2 (a) Transverse trachea, cuff up; note the rounded form of the anterior tracheal wall. (b) Transverse trachea, cuff

down

2. Inflation of the cuff is performed, and pre- and
post-inflation images demonstrate a change in
the diameter of the air shadow caused by the
cuff. A common strategy to improve visual-
ization of the cuff profile is to inflate the cuff
with saline. Protocols regarding routine use of
saline inflation in the ICU have not been
described. Confirmation of cuff location at the
notch is considered an appropriate position of
the ETT (Fig. 2a and b).

Direct Visualization of Endotracheal
Tube Tip
To varying degrees, endotracheal tubes can be
visualized within the airway as they displace nor-
mal anatomy. In the neonatal population, visual-
ization of the endotracheal tube has been
described in a longitudinal orientation by placing
a linear array probe over the length of the ster-
num and aligning it with the trachea. Slovis and
colleagues described this in a series of 16 new-
borns where the endotracheal tube was identified
in all patients with a good correlation between
chest X-ray and ultrasound [19]. This method has
been replicated by other authors [20-25].

In the method described by Dennington et al.,
a linear array transducer is placed sagittally
along the length of the sternum, preferably with
the probe indicator towards the patient’s head.

Fig. 3 Longitudinal view of endotracheal tube in a neo-
nate; the tip of the tube is indicated by the arrow and can
be identified by the shadowing artifact distal to the tube
(right brace)

(Fig. 3; [26]) The beam is aimed to align with the
endotracheal tube such that shadowing artifact
caused by the tube can be used to determine the
tube tip, optimally around 2 cm proximal to the
right pulmonary artery seen in cross-section and
used as a landmark approximating the level of
the carina. Beyond the neonatal period, direct
visualization of the endotracheal tube becomes
more difficult due to air artifact, sternal ossifica-
tion, and patient size. Therefore, this technique
is practical in few patients and confounded by
difficulties in conceptualizing the endotracheal
tube only in terms of artifacts.
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Diaphragmatic Ultrasound
for Confirmation of Intubation
Intubation can also be indirectly assessed using
diaphragmatic ultrasound. After intubation, pro-
viders can image the diaphragm from a trans-
verse subxiphoid position with sufficient depth to
visualize the spine and include interrogation of
the anterior sagittal or lateral coronal planes
(Fig. 4). Differential or lack of movement of dia-
phragm leaflets suggests mainstem intubation or
failure to intubate the trachea. Ultrasound assess-
ment of diaphragm movement has been explored
by multiple authors in the pediatric population
[27, 28]. In the PICU setting, efficacy has been
demonstrated in a population of 59 children
where all intubations were correctly identified as
successful or not successful, including failed
intubation and right mainstem intubation [27].
To perform this technique after attempted
endotracheal intubation:

1. For the anterior subxiphoid approach, place a
phased array or curvilinear probe below the
xiphoid process and aim it cephalad at an
approximately 45° angle to the skin to visual-
ize the bright diaphragm leaflets. Gastric con-
tents may obscure the view of the Ileft
hemidiaphragm (Fig. 4).

2. For a lateral coronal approach, the diaphragms
can be visualized independently from the
flanks of the patient at the level of thoracic ribs
10-12 with the probe oriented coronally and
parallel to the spine. The imaging target is the
bright arc of the hemidiaphragm on each side

Fig. 4 Subcostal diaphragm view (arrow indicates right
hemidiaphragm)

E. Su and B. Haileselassie

of the patient. A limitation to this approach is
that both diaphragms cannot be viewed at the
same time, though the image of the diaphragm
architecture and movement will be clearer
compared to the subxiphoid approach.

3. Alternatively, each hemidiaphragm can also
be imaged in the anterior sagittal plane at the
lower margin of the ribcage in line with the
midclavicular line. This may be possible for
patients where lateral views can be difficult
due to patient habitus but is problematic when
the stomach contains air or solids.

4. With manual bagging ventilation of the endo-
tracheal tube, both diaphragm leaflets should
move towards the ultrasound probe as the
lungs inflate in the subcostal view or past the
probe in the lateral or anterior views.

5. Preferential inflation of one side indicates
possible mainstem intubation of that respec-
tive bronchus.

6. No movement suggests failure to intubate the
trachea.

Though this technique cannot detect the posi-
tion of the endotracheal tube tip, it can identify
aeration of the lungs readily while keeping the
ultrasound away from the neck in the event of a
failed intubation when other manipulations may
be required.

An alternative technique has also been
described using a linear probe for identifying
lung sliding in the aforementioned lateral coro-
nal and anterior sagittal planes but higher in the
chest [29]. Using the same manual ventilation
technique, differential or absent movement may
suggest mainstem or failed intubation,
respectively.

Cricothyroid Imaging

In the sagittal plane, a linear ultrasound probe
can be placed longitudinally over the larynx and
trachea to identify the cricoid membrane for
guidance of percutaneous or surgical cricothy-
roidotomy. This technique has been described by
Walsh et al. successfully identifying the mem-
brane on ultrasound in comparison to MRI,
though a test of practicality is stymied by the rar-
ity of the procedure and has not been described
[30].
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view. ¥

Fig. 5 Sagittal
Cricothyroid membrane; f cricoid cartilage; # first tra-
cheal ring

cricothyroid membrane

To accomplish this:

1. Place the probe longitudinally over the thy-
roid cartilage and trachea. By convention the
probe indicator goes towards the head. A vari-
ety of imaging presets can be used for this
modality.

2. Elements of the upper airway can be identi-
fied longitudinally including the thyroid carti-
lage, the cricothyroid membrane, the cricoid
cartilage, and the tracheal rings (Fig. 5).

Vocal Cord Imaging

Assessment of the vocal cords can be performed
at the level of the cricothyroid membrane tilting
the plane of the transducer cephalad for visual-
ization. This technique has been reported by mul-
tiple authors as a reliable method of evaluating
vocal cord dysfunction. Though primarily
described in the patient who has received cardiac
surgery in the vicinity of the aortic arch, it has
also been mentioned in the evaluation of patients
with primary thyroid malignancy as well as

Fig. 6 Vocal fold imaging. * True vocal folds are in this
anechoic area; T false focal folds

laryngeal trauma [31-36]. A recently published
meta-analysis revealed a pooled sensitivity for
laryngeal ultrasound in detecting vocal cord
immobility of 91% (95% CI, 83-95%) and speci-
ficity of 97% (95% CI, 82—-100%) across varied
pediatric practice settings [37].

In imaging the vocal cords:

1. The transducer is oriented transversely and
angled cephalad to visualize the true and false
vocal cords at the level of apposition to mini-
mize air interference.

2. From this vantage, the vocal folds and the ary-
tenoid cartilages can be imaged. (Fig. 6).

3. Note that the angle of the probe to the skin
may be shallow.

Evaluating the Difficult Airway

To date, a number of authors have published
information on preintubation ultrasound assess-
ments yielding measurements potentially predic-
tive for difficult intubation. None of these have
been readily translated to clinical practice in the
neonatal and pediatric population. These meth-
ods identify a panel of assessments of anterior
neck tissue thickness or distances from the chin
to neck structures such as the hyoid bone. Further
study is necessary to determine a practical set of
measurements for ultrasound-based difficult air-
way assessment in infants and children.
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Conclusion

Visualization of the airway is practical in point-
of-care ultrasound and ultimately yields useful
information for clinical care. It is gaining atten-
tion as a modality for evaluating airway proce-
dures as well as airway pathology. As it is a
relatively new area of interest in clinical ultra-
sound, airway ultrasound will continue to evolve
with insights from promising emerging research
and clinical application.
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Functional Anatomy
of the Diaphragm

The diaphragm, the main muscle of respiration,
is comprised of a dome-shaped muscle and cen-
tral tendon with a convex upper surface forming
the floor of the thoracic cavity, and a concave
under-surface forming the roof of the abdominal
cavity. The diaphragm originates superiorly and
anteriorly from the xiphoid process, inferiorly
from the first two lumbar vertebrae, and laterally
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from the lower six thoracic costal cartilages. The
muscle fibers from these origins converge to form
the central tendon, forming the crest of the dome.
The area where the diaphragm muscle fibers
attach to the lateral lower thorax is called the
zone of apposition (ZOA).

The thickness of the diaphragm is variable,
tapering from the anterior to posterior costal
regions and from its costal insertions to the cen-
tral tendon. The diaphragm is also asymmetric,
with the right side slightly superior to the left,
due to the presence of the liver. During diaphrag-
matic contraction the central tendon is pulled
caudally, effectively increasing the vertical diam-
eter of the thoracic cavity.
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Diaphragmatic Dysfunction

Diaphragmatic dysfunction (DD) classifications
include eventration, weakness, and paralysis [1].
Eventration is a permanent elevation of part or all
of the hemidiaphragm caused by congenital thin-
ning of the muscle. Diaphragm weakness refers
to the partial loss of muscle strength required to
generate sufficient pressure for ventilation.
Paralysis refers to the complete absence of move-
ment of the diaphragm. Diaphragm weakness or
paralysis typically causes elevation of an entire
hemidiaphragm, while eventration usually causes
elevation of only a focal part of the hemidia-
phragm [1]. Paradoxical diaphragm movement
refers to a cephalad movement of the hemidia-
phragm during inspiration. In the presence of a
weak or paralyzed hemidiaphragm, inspiratory
force generated by the external intercostal and
accessory muscles expands the thoracic cavity,
creating a negative intrathoracic pressure and
pulling the diaphragm and abdominal viscera
cephalad toward the thorax.

The clinical manifestations and severity of
DD can vary widely. Clinically, patients with DD
may be asymptomatic or may present with
reduced exercise tolerance, orthopnea, paradoxi-
cal breathing, unexplained respiratory distress,
recurrent pneumonia, atelectasis, unexplained
supplementary oxygen dependence, or difficulty
weaning from mechanical ventilation [2, 3].
Symptoms of DD can also be exacerbated by car-
diac or pulmonary diseases, disorders that
increase intra-abdominal pressure or changes in
posture, such as being in the supine position [4].
The wide spectrum of clinical manifestations
makes recognition of DD challenging and it is
even more difficult when the work of breathing is
being supported by mechanical ventilation.
Consequently, the sequelae associated with DD
include prolonged duration of mechanical venti-
lation, increased risk of nosocomial infection,
increased length of intensive care unit and hospi-
tal stay, poorer functional outcomes, and
increased mortality [2, 5]. Depending on the
severity and cause of DD, management may be
conservative or may include noninvasive ventila-

tion, tracheostomy creation with invasive
mechanical ventilation, diaphragm plication, or
diaphragm pacing [1, 4].

Apart from diaphragmatic eventration, DD
can be caused by disorders of diaphragm innerva-
tion, diaphragm muscle weakness or atrophy, and
disorders of the chest wall [6]. In children, the
most frequently reported cause of DD is due to
phrenic nerve injury after congenital heart sur-
gery, with an incidence ranging between 0.3 and
20% [2, 7, 8]. Mechanisms of nerve injury
include direct traumatic injury or transient neura-
praxia due to traction, exposure to cold solutions,
and excessive heat from diathermy use [2, 7]. The
second most common cause of DD in infants is
birth trauma [7]. This frequently affects the right
hemidiaphragm and affected infants often also
present with an ipsilateral brachial plexus palsy
[9]. Other traumatic causes of DD include chest
tube insertion and subclavian or jugular venous
cannulation. Extravasation of parenteral nutrition
around the phrenic nerve from a peripherally
inserted central catheter has also been reported to
cause DD [7].

In the intensive care unit, there is increasing
recognition that DD occurs in association with
critical illness neuromyopathy or due to mechan-
ical ventilation, which is known as ventilator-
induced DD and has been reported to occur
within as little as 18—69 hours of mechanical ven-
tilation [5, 10-12]. There may be a degree of
overlap between critical illness neuromyopathy
and ventilator-induced DD and data suggests that
about 30-80% of critically ill children and adults
are affected [5, 13—17]. Other contributing fac-
tors to DD in the critically ill child include sepsis,
malnutrition, and the use of corticosteroids, ami-
noglycosides, and neuromuscular blocking
agents [5, 14, 15]. Rarer causes of DD in infants
and children include neuromuscular disease, spi-
nal cord injury, mediastinal or pulmonary infec-
tions or mass lesions, brainstem disorders,
cervicobrachial surgery, abdominal surgery,
inflammatory polyneuropathies such as Guillain-
Barre syndrome and infectious neuropathies
secondary to congenital Zika syndrome and con-
genital cytomegalovirus infection [8, 18-20].
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Ultrasound Views
for Diaphragmatic Assessment

In diaphragmatic assessment using ultrasound,
there are two parameters which can be assessed
from two main views. The first parameter, dia-
phragm thickness (DT), should be measured at the
zone of apposition (ZOA) in end-inspiration and
end-expiration. This is then used to calculate the
diaphragm thickening fraction (DTF), which is the
percentage increase in thickness during inspiration,
using the formula: (End-inspiratory DT — End-
expiratory DT)/End-expiratory DT x 100%. The
second parameter, diaphragmatic excursion (DE),
should be measured via a view of the dome of the
hemidiaphragm.

Prior to diaphragm assessment, ultrasound
should be used to screen the lower thoracic and
upper abdominal regions to exclude pathologies
which are adjacent to, and may impact upon, dia-
phragm function such as pleural effusion, pulmo-
nary consolidation, atelectasis, thoracic or
abdominal mass lesions, or ascites. This screen-
ing view may be achieved by using a curvilinear
or phased array transducer placed in an oblique
transverse plane at the subxiphoid area to facili-
tate simultaneous imaging and comparison of
both hemidiaphragms [2, 3, 21-23] (Fig. 1).

To acquire a view of the ZOA with the best
visual resolution, a high-frequency linear trans-

S

Right Diaphragm

ducer should be placed perpendicularly to the
orientation of the ribs, in a longitudinal, semi-
coronal plane, between the eighth and tenth inter-
costal spaces and between the anterior and
mid-axillary lines [24-30] (Fig. 2). Some reports
have proposed more posterior transducer place-
ment, either between the anterior and posterior
axillary lines or at the posterior axillary line [2, 3,
31, 32]. At high resolution, the diaphragm
appears as a three-layered structure, with a non-
echogenic muscular layer bounded by the echo-

L

Fig.2 A high-frequency linear transducer placed perpen-
dicularly to the chest wall, in a longitudinal, semi-coronal
plane, between the eighth and tenth intercostal spaces and
between the anterior and mid-axillary lines to acquire an
image of the zone of apposition

Vertebral

Body -

Left Diaphragm n

Fig. 1 Phased array transducer placed in an oblique transverse plane at the subxiphoid area (a) facilitating simultane-

ous imaging and comparison of both hemidiaphragms (b)
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Fig. 3 An image of the diaphragm revealing the three-
layered structure, with a non-echogenic muscular layer
bounded by the echogenic parietal pleura and peritoneal
membrane

genic parietal pleura and peritoneum (Fig. 3). In
this view, the diaphragm may sometimes be oblit-
erated by the edge of the inflated lung during
inspiration. DT, measured as the perpendicular
distance between the pleural and peritoneal lay-
ers, should be assessed in end-inspiration and
end-expiration using M-mode. However, there is
no consensus regarding the inclusion of the full
thickness of the pleural and peritoneal layers in
the measurement of DT. Many authors measure
the perpendicular distance between the midpoints
of the pleura and peritoneum [24, 27, 28], while
others include or exclude the thickness of the
pleura and peritoneum [29-32].

To acquire a view of the dome of the hemidia-
phragm, a lower frequency curvilinear or phased
array transducer should be placed in a sagittal
plane in the subcostal area, between the mid-
clavicular and anterior axillary lines for the right
hemidiaphragm and between the anterior and
mid-axillary lines for the left hemidiaphragm.
The transducer should be directed cranially using
the liver or spleen as acoustic windows so that the
ultrasound beam reaches the posterior aspect of
the right and left hemidiaphragms, respectively
[22-27, 33] (Fig. 4). Since the diaphragm is
assessed at a greater distance from the point of
transducer-skin contact using a lower frequency
phased array probe, the resolution using this view
is poorer compared to the assessment at the

J.K.B.Limetal.

ZOA. At this lower resolution, the diaphragm
appears as a single echogenic line due to the
tightly adherent parietal pleura. During inspira-
tion in the spontaneously breathing child, the
normal diaphragm moves caudally, toward the
transducer, while in expiration, the diaphragm
moves cephalad, away from the transducer.

During diaphragm ultrasound, movement of
the diaphragm must be correlated with the phases
of the respiratory cycle, which can be distin-
guished according to their timing. Normal inspi-
ration typically occurs after a respiratory pause
after the end of expiration, whereas expiration
begins immediately at the end of inspiration.
Correlating diaphragm movements with the
respiratory cycle may be further enhanced by
placing a free hand on the patient’s chest to cor-
relate chest wall movements with the M-mode
tracing. After determining the direction of DE
with the phases of the respiratory cycle, M-mode
should be used to measure the amplitude of DE
on a vertical axis of the M-mode tracing, from the
baseline (at end-expiration) to the point of maxi-
mum height (at end-inspiration) on the tracing
(Fig. 5).

In general, the right hemidiaphragm is easier
to visualize than the left. The challenge of obtain-
ing clear images of the left hemidiaphragm is due
to the smaller acoustic window provided by the
spleen and the potential for overlying bowel gas
which may obscure views. This has led some
investigators to limit assessments to the right
hemidiaphragm [14, 15, 28-30]. Reports from
adult and pediatric studies suggest that there are
no significant differences in DT, DTF, or DE
between the right and left hemidiaphragms [32—
35]. When performing diaphragm ultrasound, the
impact of postural changes on respiratory
mechanics must also be considered. For the same
volume inspired, DE has been reported to be
greater in the supine position than in sitting or
standing positions. DT has also been reported to
be greater while sitting or standing than in the
supine position [36]. This may suggest that the
diaphragm function is more efficient in the sitting
or standing positions. Hence, it would be ideal to
standardize the patient’s position when perform-
ing serial diaphragm ultrasound assessments.
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Fig.4 Acquiring an image of the dome of the diaphragm. (a)
Phased array transducer should be placed in a sagittal plane in
the subcostal area, between the mid-clavicular and anterior

Diaphragm at
maximal inspiration

Diaphragm at
end-expiration

Fig. 5 M- mode image revealing the amplitude of the
diaphragmatic excursion
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Diaphragm

Spleean

Diaphragm

axillary lines for the (b) right hemidiaphragm. (¢) Transducer
placed between the anterior and mid-axillary lines on the left
side to acquire an image of the (d) left hemidiaphragm

Reference Values for Diaphragm
Ultrasound in Children

There is a paucity of data for reference values for
normal diaphragm dimensions or function in
children. Several small studies have attempted to
provide age-based normative values for dia-
phragm ultrasound parameters in healthy, sponta-
neously breathing preterm and term infants, with
only one larger study including older children
and adolescents [26, 27, 32, 33] (Table 1). Several



154 J.K.B.Limetal.

Table 1 Reference values for diaphragm ultrasound measurements in healthy children

Study/Year Cohort Group DE! (mm) | DT® (mm) DTF (%)
Rehan 2001 [26] Preterm infants PMA 55+0.2 1.09 +£0.08 |23 +25
n=34 26-28 weeks 48+02 |125+0.07 |27+9
PMA 4602 |147+0.06 [23+14
29-31 weeks 44+03 |1.74+£0.04 |25%21
PMA
32-34 weeks
PMA
35-37 weeks
Rehan 2003¢ [27] Term infants - - 1.9+03 -
n=15
El-Halaby 2016 [33] Infants and children Right diaphragm
n =400 1 month-2 years |64 +2.1 |3.4+09 -
2-6 years 10023 (4610 -
6-12 years 11627 |54x14 -
12-16 years 13125 63+13 -
Left diaphragm
1 month-2 years |6.6+1.7 |3.5+1.0 -
2-6 years 95+20 [46x09 -
6-12 years 106+£2.6 [52+1.3 -
12-16 years 119+£22 |63=x1.1 -
Alonso-Ojembarrena 2020 Preterm and term Right diaphragm
[32] infants Preterm - 1.2 33
Median (IQR) n=:66 Term - (1.1-1.4) (24-46)
1.9 24
(1.6-2.4) (15-37)
Left diaphragm
Preterm - 1.2 32
Term - (1.1-1.6) (15-40)
1.9 32
(1.6-2.4) (26-39)

Data are presented in mean =+ standard deviation unless otherwise specified

All studies performed diaphragm ultrasound assessments with patients in the supine position

In healthy preterm infants between 26 and 37 weeks PMA, DT was moderately correlated with PMA (r = 0.40), weight
(r=0.52), body length (r = 0.53), and head circumference (r = 0.49) [26]

In healthy term neonates, DT was moderately correlated with weight (r = 0.58), body length (r = 0.58), and head cir-
cumference (r = 0.65), but not gestational age (r = 0.20) [27]

DE Diaphragm excursion, DT Diaphragm thickness, DTF Diaphragm thickening fraction, /QR Interquartile range,
PMA Post-menstrual age

2 Refers to diaphragm excursion during tidal breathing

b Refers to end-expiratory diaphragm thickness

¢ This study specified that DT measurements were from the midpoint of the pleura to the midpoint of the peritoneal
layer, while the other studies in this table did not specify if the thickness of pleural and peritoneal layers were included
or excluded

studies have also been performed in children Assessment of Pathophysiology
receiving mechanical ventilation [14, 15, 28-30,

37] (Table 2). Although studies in adults report Ideally, diaphragm ultrasound should be per-
that DT and DE tend to be greater in males than  formed on the spontaneously breathing patient
in females, there appear to be no significant dif- who is not receiving ventilatory support. The
ferences in DT or DE between genders from  direction of diaphragm movement during inspira-
infancy to adolescence [27, 33, 36]. tion and expiration will be similar regardless of
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Table 2 Reference values for diaphragm ultrasound measurements in children supported on mechanical ventilation

Study/Year Cohort Patient Position| DT (mm) DTF (%)
Lee 2017+ [28] Infants and Not specified | End-expiratory 258+3.3
(Mean + SD) children 1.52 £ 0.38
n=31 End-inspiratory
1.92 +0.48
Dionisio 2019*° [14] Infants and Semi- End-expiratory 41 £ 11 (Mean = SD)
children recumbent 2.3 (2-3.5)
n=17
Glau 2020¢ [29] Infants and Semi- Within 36 h of Within 36 h after
children recumbent intubation intubation
n=>56 End-expiratory 9.7 (6.5-16.4)
2.0 (1.8-2.5) 24 h before extubation
End-inspiratory 14.8 (10.9-26.8)
22 (2.0-2.7)
1Jland 2020¢ [30] Infants and Semi- End-expiratory 10.7 (7.5-16.2)
children recumbent 1.5 (1.0-1.6)
n=34
Mistri 20209 [37] Children Not specified | End-expiratory 33.75 (26.9-44.6)
n=55 1.27 (1.00-1.60)
End-inspiratory
1.76 (1.35-2.10)
Valverde Montoro 2021* | Infants and Semi- End-expiratory 24.0 (8.5-36.0)
[15] children recumbent 1.8 (1.5-2.0)
n=47 End-inspiratory
2.2(1.8-2.5)

Data are presented in median (IQR) unless otherwise specified
All studies included assessed only the right diaphragm, with ultrasound studies performed within the first 24 h of intuba-

tion unless otherwise specified

DE Diaphragm excursion, DT Diaphragm thickness, DTF Diaphragm thickening fraction, /QR Interquartile range, SD

Standard deviation

4 DT measurements in these studies were from the midpoint of the pleura to the midpoint of the peritoneal layer
" Dionisio et al. also assessed DE in their cohort within the first 24 h of intubation, while on pressure support ventilation

(Mean 7.8 = 3.9 mm) [14]

¢ DT measurement in this study included the thickness of the pleura and peritoneal layers
4 DT measurements in these studies excluded the thickness of the pleural and peritoneal layers

whether patients are spontaneously breathing or
receiving positive pressure ventilation support,
with or without paresis/paralysis. However, the
concurrent use of mechanical ventilation results
in greater difficulties in interpreting results, espe-
cially in deeply sedated patients receiving full
ventilatory support, which constitutes a large
proportion of the critically ill population. The
optimal depth of sedation, extent of ventilatory
support, or timing during which diaphragm ultra-
sound should be performed in order to assess
DD, atrophy, respiratory workload, or to predict
extubation success has yet to be determined.

Assessment of Diaphragm Atrophy

and Weakness

End-expiratory DT is thought to be the most
appropriate indicator of muscle bulk as it repre-
sents diaphragm muscle thickness at rest or at
functional residual capacity and does not depend
on maintaining a patient’s spontaneous respira-
tory effort [14, 15, 37]. Diaphragm atrophy
occurs in 44—-82% of critically ill children, with
the onset occurring within 24-96 hours after the
initiation of mechanical ventilation [5, 13-15,
28, 30]. In children, substantial reductions in
mean end-expiratory DT from 1.52 to 1.50 mm
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(a 1.3% decrease), mean end-inspiratory DT
from 1.92 to 1.75 mm (an 8.8% decrease), and
mean DTF from 25.8 to 16.4% (a 36.4%
decrease) have been reported within 48 hours of
mechanical ventilation [28].

Assessment of Diaphragm Paresis

In contrast to the assessment for diaphragm atro-
phy, an accurate assessment of DE and DTF
requires the preservation of a patient’s spontane-
ous respiratory effort [14, 15]. It is preferable to
perform diaphragm ultrasound to assess DE and
DTF in a standardized manner, with patients qui-
etly breathing spontaneously in a semi-recumbent
position with minimal use of sedation. In chil-
dren suspected to have diaphragmatic paralysis,
DE is considered normal if inspiratory motion is
toward the transducer, with an amplitude >4 mm
and a difference of DE between hemidiaphragms
of <50%. An amplitude of <4 mm and a differ-
ence of DE between hemidiaphragms >50% is
considered decreased or paretic [2, 21, 22, 38,
39]. Unilateral diaphragmatic paralysis after con-
genital cardiac surgery can be assessed with
B-mode ultrasound by placing a transducer in the
subxiphoid plane, demonstrating sliding of the
descending aorta toward the unaffected hemidia-
phragm during respiration. In healthy patients,
the descending aorta remains in the same posi-
tion and does not move during respiration [40].

Assessment of Readiness for Weaning

of Mechanical Ventilation

DTF is the most robust parameter for represent-
ing diaphragm contractile function and predict-
ing successful weaning from mechanical
ventilation in adults and children [15, 37, 41-45]
(Table 3). These studies typically performed dia-
phragm ultrasound during spontaneous breathing
trials (SBT). Cutoff values associated with suc-
cessful extubation in children have a pre-extuba-
tion DTF ranging from >21 to 23% [44, 45]. In
contrast, data on the role of DE for predicting
successful weaning from mechanical ventilation
is less certain. Another factor to consider is the
variability of respiratory drive and muscle activ-
ity throughout the day. DTF tends to be assessed
once daily and measurement at a single point in

time may be an insufficient estimate of global
respiratory muscle function. Thus, it may be
important to assess DTF when patients are awake
and asleep.

Future Directions

There are an increasing number of techniques
proposed to assess diaphragm function. New
sonographic parameters, such as the product of
DE and inspiratory time, the ratio between respi-
ratory rate and DE (known as the diaphragmatic
rapid shallow breathing index), and a combina-
tion of DTF with the rapid shallow breathing
index have been reported to predict successful
extubation in adults [46-49]. However, the utility
of these parameters in children may be limited
due to the wide range of inspiratory times, respi-
ratory rates, DE, and DTF across the pediatric
population.

Echocardiographic techniques are now also
being applied to diaphragm assessments. Tissue
doppler imaging (TDI) is a technique that mea-
sures the velocity of moving tissue. In a study
that assessed diaphragm TDI during an SBT in
116 mechanically ventilated adults and 20
healthy controls, patients who were successfully
weaned and healthy controls had lower peak con-
traction velocity, peak relaxation velocity, and
TDI-maximal relaxation rate compared to
patients who failed weaning [50]. Researchers
proposed that higher peak contraction velocities
indicate a compensatory increase in respiratory
motor output in patients with progressive respira-
tory failure, while higher peak relaxation veloci-
ties reflect the need of the diaphragm to rapidly
return to end-expiratory length, in preparation for
the following inspiratory contraction.

Diaphragm TDI has also been investigated in
healthy neonates [51]. The authors reported that
measuring DE via M-mode ultrasound was less
reliable in neonates due to their erratic breathing
patterns and high respiratory rates, concluding
that diaphragm TDI is a more feasible technique.
While they established reference values for dia-
phragm peak motion velocities in a sizable cohort
of 229 neonates, further studies are required to
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Table 3 Comparison of diaphragm ultrasound variables between children with successful or failed weaning from

mechanical ventilation

Study/Year | Cohort Weaning DE (mm/kg) | End- End- Pre-extubation
result inspiratory expiratory DTF (%)
DT (mm/kg) DT (mm/kg)
Xue 2019° Infants and Successful | 0.74 +0.75 1.07 £ 0.88 0.79 £ 0.61 3093 £11.23
[44] children n=39
n=350 Failed 0.45+0.32 1.08 = 0.62 091 +0.49 15.98 + 6.65
n=11
DE (mm) End- End- Pre-extubation
inspiratory expiratory DTF (%)
DT (mm) DT (mm)
Abdel Infants Successful | 8.21 +2.25 2.32+0.62 1.75£0.52 33.56 +7.81
Rahman n=_84 n=44
2020° [45] Failed 6.06 = 1.87 1.98 +£0.82 1.68 £ 0.74 20.06 = 10.41
n =40
Children Successful | 9.22 +2.22 2.96 +0.27 234041 26.49 +3.47
n=10 n=9
Failed 4 2.8 2.3 21.74
n=1
Adolescents | Successful | 11.6+1.16 2.93+0.19 2.21+0.13 32.58 £5.48
n=12 n=11
Failed 14 3.1 2.3 34.78
n=1
End- End- Pre- Post-
inspiratory expiratory DT | extubation extubation
DT (mm) (mm) DTF (%) DTF (%)
Mistri 2020* | Children Successful | 1.61 (1.06, 1.13 (0.82, 30.14 (22.17, |27.40 (20.70,
[37] n=55¢ n =30 1.80) 1.47) 42.00) 41.30)
Median Failed 1.08 (0.96, 0.81 (0.81, 32.78 (19.04, |32.50 (19.81,
(IQR) n=>35 1.25) 1.05) 33.30) 34.42)
Pre- Post-
extubation extubation
DTF (%) DTF (%)
Valverde Infants and Successful | — - 30 (25, 38) 41 (33, 57)
Montoro children n=32
2021° [15] n=47 Failed - - 30 (20, 63) 55 (36.5, 65.5)
Median n=13
(IQR)

Data are presented in mean =+ standard deviation unless otherwise specified

All results displayed are for the right diaphragm

All studies performed diaphragm ultrasound during a spontaneous breathing trial in the semi-recumbent position,

except that Mistri et al. did not specify the patient position

DE Diaphragm excursion, DT Diaphragm thickness, DTF Diaphragm thickening fraction, /QR Interquartile range
2 DT measurements in these studies excluded the thickness of the pleural and peritoneal layers

" DT measurements in these studies were from the midpoint of the pleura to the midpoint of the peritoneal layer

¢ 19 children in the study demised and 1 patient underwent tracheostomy without a trial of extubation

test the clinical utility of this parameter in criti-
cally ill neonates.

Speckle tracking imaging (STI) is a method of
analysis used to determine myocardial fiber
deformation or “strain” [52-54]. The STI soft-
ware analyzes the relative motion of groups of
pixels (known as speckles) in an ultrasound

image. Positive strain values indicate passive
stretch while negative strain values indicate mus-
cle fiber shortening. The velocity of tissue defor-
mation is represented by the strain rate. A few
studies have assessed diaphragm STI in small
groups of healthy adults, but no studies have been
performed in critically ill adults or in children
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[36, 52-55]. Nonetheless, STI appears to be a
promising technique for assessing diaphragm
function, with studies reporting a good correla-
tion between strain and strain rate with transdia-
phragmatic pressure and diaphragm electrical
activity, as well as good reproducibility [53, 54].
In contrast to M-mode measurements of DE,
which measures tissue movement in a single
plane, STI is angle-independent, measures tissue
motion in two dimensions, and follows the same
region of interest during diaphragm motion,
which may facilitate greater accuracy in assess-
ing diaphragm function. However, current STI
technology is designed to track speckle motion
related to the cardiac cycle, not the respiratory
cycle. In addition, significant time is required to
perform the analysis, limiting its clinical utility.
Technologic advancements and software adapta-
tions for diaphragm analysis may eventually
allow for easy bedside use.

Ultrasound shear wave elastography (SWE) is
a developing method of ultrasound imaging
based on the measurement of the propagation
velocity of shear waves through tissues. The
shear wave velocity is used to calculate shear
modulus, which reflects the degree of tissue stiff-
ness and active muscle force [56, 57]. Studies in
healthy adults have demonstrated good reproduc-
ibility and good correlation between diaphragm
shear modulus and transdiaphragmatic pressure
or inspiratory mouth pressure [56, 58, 59]. In a
study of 25 mechanically ventilated adults, dia-
phragm shear modulus did not distinguish
patients who failed or tolerated an SBT. Further
studies and technological advancements are
required before SWE can be recommended for
use in critically ill children.

Other approaches to predict extubation failure
combine diaphragm ultrasound with echocar-
diography, lung ultrasound, or both [55]. This
alludes to the fact that extubation failure is often
multifactorial and can be due to any one or a
combination of factors, including high airway
resistance, poor respiratory system compliance,
respiratory muscle dysfunction, cardiac failure,
excessive metabolic demands, excessive secre-
tions, poor cough reflex, or depressed conscious
level [36, 46, 47]. Two studies investigating inte-

grated cardiac, lung and diaphragm ultrasound in
mechanically ventilated adults reported that left
ventricular diastolic dysfunction and loss of lung
aeration were the most predictive of extubation
failure [60, 61]. Neither study assessed DT nor
DTF and found that DE was poorly predictive of
extubation failure. However, this may be due to
the significant prevalence of cardiovascular
comorbidities in these cohorts, with cardiac dys-
function potentially contributing more to extuba-
tion failure than DD. A third study reported that
left ventricular diastolic dysfunction and ejection
fraction predicted respiratory failure within 48 h
of extubation, while DE predicted the need for
reintubation within a week of extubation [62].

A large number of studies have reported the
utility of combined diaphragm and lung ultra-
sound for predicting extubation failure in adults
[63, 64]. A systematic review and meta-analysis
of 19 studies found that DTF and lung ultrasound
were good predictors of extubation failure, while
DE was less accurate [63]. One pediatric study
has also investigated the utility of combined dia-
phragm and lung ultrasound for predicting extu-
bation failure in 106 children [45]. Lung
ultrasound scores were assigned based on the
aeration patterns of 12 zones of the lung, with
scores ranging from 0 to 36. The best cutoff val-
ues for DTF, DE, and lung ultrasound scores for
predicting successful extubation were >23.2%,
>6.2 mm, and <12, with an area under the receiver
operating characteristic curve of 0.93, 0.88, and
0.93, respectively. Although DTF, DE, and lung
ultrasound scores were predictive of extubation
failure in infants, only DTF was predictive in
children and none of the parameters were predic-
tive in adolescents. However, this is probably a
reflection of the sample population, which
included 84 neonates, 10 children, and 12 adoles-
cents, with only 1 child and 1 adolescent failing
extubation.

Conclusion

Diaphragm ultrasound is a promising technique
for the assessment of diaphragm function.
Assessment methods are quick, noninvasive,
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reproducible, and repeatable at the bedside. At
present, diaphragm thickness is an accurate mea-
sure of diaphragm atrophy while diaphragm
thickening fraction is a useful measure of dia-
phragm contractile strength. Optimizing respira-
tory mechanics using diaphragm ultrasound has
the potential to provide sufficient respiratory sup-
port while limiting ventilator-induced DD in
order to facilitate successful weaning and extuba-
tion. While it is important to routinely monitor
and prevent DD in the mechanically ventilated
child, it is imperative to consider that DD and
weaning failures can be multifactorial and that
critically ill patients will benefit from a holistic
multiorgan assessment to plan for individualized
intervention and weaning.
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Introduction

The field of neonatal lung point-of-care ultra-
sound (POCUS) is rapidly expanding. Lung
POCUS is a safe and rapid bedside tool used for
the diagnosis of the most common acute respira-
tory diseases in the newborn period. In addition,
lung POCUS can be used to monitor postnatal
adaptation, predict the need for ventilation and/or
surfactant, and evolving chronic lung disease
(CLD) [1]. Lung POCUS is especially attractive
in neonates because of concerns about the poten-
tial long-term effects of radiation from repeated
X-rays during thier hospitalization stay in the
neonatal intensive care unit [2, 3]. LU is used as
an adjunct to the clinical examination and it must
be always interpreted in light of available clinical
findings and laboratory data [4]. The described
findings for specific neonatal respiratory disor-
ders are therefore only valid for the neonatal
period when these pathologies are present.

Technical Considerations

The lungs are superficial organs. Since newborns
have small chests with little subcutaneous tissue,
almost any ultrasound transducer can be used to per-
form lung ultrasound. In order to obtain good quality
images of the neonatal lung, high-frequency linear
or micro-linear probes, usually with a frequency of
10 MHz or above, are most frequently utilized [5-7].
Since lung POCUS is based on the analysis of arti-
facts, machine settings need to be adjusted to mini-
mize filters and facilitate the analysis of pleural
sliding and artifacts as discussed in Chap. 10.

Clinical Applications of Lung
Ultrasound for the Diagnosis
of Neonatal Respiratory Diseases

Transitional Period

The transitional period from fetus to neonate is a
unique period in life that involves complex physi-

ological processes that must occur within a short
period of time. The use of lung POCUS has
helped clinicians gain additional insight into the
pulmonary transition.

In healthy term and near-term neonates, lung
aeration and partial airway fluid clearance
occur within the first few minutes of life and
complete fluid clearance is usually accom-
plished within 3-4 hours after birth [8, 9]. A
significant decrease in the number of B-lines,
as an estimation of lung fluid, is observed over
the first 24 hours after birth and is associated
with an increase in static lung compliance [10].
Regional differences in airway clearance have
been observed and may be quantified using a
lung ultrasound score [11].

Most infants quickly and smoothly complete
the adaptation process, but some will experience
delay and present signs of distress and/or under-
lying disease. Lung POCUS emerges as a prom-
ising tool for the early identification of infants at
risk for pulmonary maladaptation. Raimondi
et al. demonstrated that early use of lung POCUS
using a simple 3-point classification based on
ultrasound patterns (type-1, white lung; type-2,
black/white lung; type-3, normal lung) predicts
the need for NICU admission for respiratory sup-
port in term and near-term infants [12]. Poerio
et al. confirmed the reliability of lung POCUS
performed at 30 min after birth to predict NICU
admission for term and near-term infants born by
cesarian section [13]. These findings may have
practical implications in the management of
infants born in facilities without a NICU on-site
when decisions regarding transfer to another
facility and separation of mother and child are
required.

Transient Tachypnea of the Newborn

Transient tachypnea of the newborn (TTN) is a
common cause of respiratory distress in the
immediate newborn period. Lung edema
observed in TTN is the result of delayed alveolar
fluid resorption and clearance during the transi-
tional period. Copetti and Cattarossi first
described LU signs in TTN characterized by
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Fig. 1 Transient tachypnea of the newborn (TTN). The
lung shows a mix of A- and B-lines with a well-defined
pleural line. Areas with B-lines alternate with intercostal
spaces with multiple A-lines and a “double lung point”

areas of B-lines (interstitial syndrome) in the
lower lung fields with normal or almost normal
areas (A-lines) in the upper lung fields [14]. A
sharp transition between the two patterns called
the “double lung point” (DLP) is typical for TTN
and has not been described for any other neonatal
respiratory diseases [14] (Fig. 1a). The presence
of spared areas (with A-lines) in a late preterm or
term neonate, with mild to moderate respiratory
failure, is suggestive of TTN [14]. A regular pleu-
ral line with no consolidation is a consistent find-
ing in TTN and may be a reliable sign to exclude
other lung disorders [15]. However, future stud-
ies are needed to determine the diagnostic accu-
racy of these signs. Raimondi et al. demonstrated
that although the presence of a DLP is a specific
finding in TTN, it is not necessary for its diagno-
sis [15-17] (Fig. 1b). In these studies, DLP was
present in roughly 50% of patients, and serial
scanning showed that it could present later in the
course of the disease [15]. A lung ultrasound aer-
ation score correlates with the work of breathing
in TTN and may be useful to monitor changes in
lung aeration throughout the course of the dis-
ease [15].

Respiratory Distress Syndrome

Respiratory distress syndrome (RDS), originally
called hyaline membrane disease, is primarily
observed in preterm infants and is the result of

(DLP) (arrow) may be observed sharply separating both
areas. The DLP is not necessary for diagnosis as shown in
panel b

insufficient surfactant production. The risk and
severity of RDS is inversely proportional to ges-
tational age. Surfactant deficiency leads to
reduced pulmonary compliance and increased
alveolar surface tension leading to alveolar col-
lapse and reduced surface area for gas exchange.
RDS may present with other conditions includ-
ing pneumonia, early onset sepsis, and/or air
leaks [1].

Lung ultrasound imaging in RDS reflects the
underlying pathophysiology with loss of aeration
and decreased air/fluid ratio in the lungs. The
lungs show severe diffuse alveolo-interstitial syn-
drome with an irregular pleural line, microcon-
solidations (“subpleural consolidations”), and
uncountable, “confluent” B-lines giving rise to a
bilateral uniform “white lung” appearance as first
described by Copetti et al. [6] (Fig. 2). There are
no spared areas, i.e., no areas with A-pattern, in
severe RDS. Lung sliding is preserved. Other
findings include ‘“‘subpleural” microconsolida-
tions and/or an irregular pleural line [6]. An
adapted neonatal lung ultrasound score may be
used to predict the need for surfactant in preterm
infants with RDS and guide surfactant adminis-
tration (see below).

Lung Ultrasound in RDS and TTN
Lung POCUS can accurately and reliably diag-
nose and differentiate TTN and RDS and little
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Fig.2 Respiratory
distress syndrome
(RDS). The lung has a
“white” lung appearance
with no spared areas.
The pleural line is thick
and irregular with
“subpleural”
microconsolidations
(arrows)

previous experience is needed to achieve a high
level of inter-operator concordance. From a
pathophysiological point of view, RDS is a more
severe and homogeneously diffuse condition
than TTN. The absence of spared areas (with
A-pattern) on lung ultrasound is the main
difference between RDS when compared to
TTN. Furthermore, ultrasound findings in RDS
do not show short-term changes as is the case
with TTN [15]. Interestingly, there appears to be
a mixed-type RDS/TTN respiratory condition
when fluid retention is associated with partial
surfactant deficiency [1]. The clinical picture in
these mixed cases is often more severe than the
“classic” TTN, with longer recovery times, high
noninvasive respiratory support and, occasion-
ally, the need for surfactant administration [1].
Lamellar body count for these babies with
mixed-type RDS/TTN is decreased, and although
spared areas on lung POCUS are seen, these are
often limited to a few areas compared with the
“classic” TTN [18]. A semi-quantitative lung
ultrasound aeration score correlates well with
the quality of available endogenous surfactant
and may be an interesting tool in studying this
patient subgroup [19].

Pneumothorax

The diagnosis of pneumothorax in neonates is
based on the same signs described in the adult
literature and described in Chap. 10 [20]:

1. Loss of lung sliding and lung pulse with the
presence of the ‘“‘stratosphere sign” on the
M-mode

2. The exclusive presence of A-lines with the
absence of any other artifact (e.g., B-lines,
Z-lines or consolidation)

3. The presence of a lung point (which may not
be found in a large pneumothorax)

Lung POCUS can be used to rapidly diagnose or
rule out tension pneumothorax in the newborn
and shows excellent diagnostic accuracy which is
superior to chest X-rays a time to diagnosis that
is significantly shorter [21-23]. The diagnostic
accuracy of lung POCUS for the diagnosis of
pneumothorax in newborns appears to be higher
than in adults. A meta-analysis performed by
Dahamarde showed a sensitivity of 96.7% (88.3—
99.6%), a specificity of 100% (97.7-100%), with
an odds ratio of 1343.1% (167.20-10788.9) in
neonates compared to a sensitivity of 82.9%



Clinical Applications in Lung Point-of-Care Ultrasound Assessment in Neonates

167

(78.3-86.9%), a specificity of 98.2% (97.0-
99.0%), and an odds ratio of 423.13% (45.222—
3959.1) in adults [24]. According to current
recommendations, lung POCUS should be used
to not only diagnose pneumothorax in children
and neonates but also to provide guidance for
thoracentesis [25].

Meconium Aspiration Syndrome

Meconium aspiration syndrome (MAS) is a com-
mon cause of neonatal respiratory distress which
carries variable severity. The presence of meco-
nium in the airways leads to airway obstruction
and alveolar collapse, while the chemical proper-
ties of meconium induce lung tissue inflamma-
tion, chemical alveolar injury, and surfactant
damage [26]. When lung injury is sufficiently
severe and diffuse, it may lead to a severe oxy-
genation deficit fulfilling the criteria for neonatal
acute respiratory distress syndrome (nARDS)
[27]. The heterogeneous nature of MAS is
reflected in the lung POCUS findings (Fig. 3)
with signs of airway obstruction by meconium
plugs (atelectasis and/or consolidation) and lung
inflammation (interstitial syndrome and consoli-
dation) [28, 29]. Mild or moderate pleural effu-
sion may also be present. Images for the same
patient may include normal lung areas, interstitial
pattern, alveolar pattern, and consolidations with
bronchograms and atelectasis [28, 29]. These

Fig. 3 Meconium aspiration syndrome (MAS). Lung
ultrasound images from a neonate presenting with severe
MAS. Lung ultrasound reveals heterogeneous findings
related to injury and obstruction by meconium. Panel a:
scan of the anterior chest wall showing an irregular pleu-
ral line with small consolidations (arrows) and multiple

images are dynamic and change rapidly over the
course of the disease. The lung ultrasound score
(LUS) in MAS shows a significant negative cor-
relation with the quality of available endogenous
surfactant [30].

Pneumonia

Diagnosis of congenital pneumonia currently
relies on clinical, biological, and radiological
findings. Adding lung POCUS to the investiga-
tion of a newborn with suspected congenital
pneumonia may increase the specificity of the
diagnosis, especially for complicated cases [31].
The typical lung POCUS signs of pneumonia are
the presence of consolidations with air broncho-
grams, and an irregular pleural line with areas of
B-lines with or without pleural effusion (Fig. 4).
These signs have a high diagnostic accuracy
according to the study performed by Liu et al.
[32]. Similar results were found by Chen et al. in
a larger cohort of 3405 Chinese neonates who
were routinely scanned using lung ultrasound
[33]. This is consistent with data from the pedi-
atric population where a meta-analysis of eight
diagnostic studies (765 patients including both
neonates and children) yielded a sensitivity and a
specificity of 96 and 93%, respectively, which is
superior to the accuracy of chest X-rays and
comparable to that obtained combining radiol-
ogy and laboratory exams [34].

B-lines. Panel b: scan of the lateral chest wall showing
multiple B-lines and a large consolidation with irregular
borders (arrow). Panel ¢: horizontal (transcostal) scan of
the posterior chest wall showing consolidation with a rim
of pleural effusion (*)
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Fig.4 Pneumonia.
Horizontal (transcostal)
scan of the anterolateral
region of the chest.
Typical signs of
pneumonia are shown
and include
consolidation with shred
sign (traced in red) with
air bronchograms
(arrows), areas with
B-lines, and pleural
effusion (*)

Many questions still remain unanswered
regarding the diagnosis of neonatal pneumonia.
For example, the abovementioned lung ultra-
sound signs are typically associated with pneu-
monia, but congenital pneumonia may also
present with an alveolar-interstitial pattern, and
an irregular pleural line with or without small
consolidations [35]. These findings will need to
be confirmed in larger studies. Lung POCUS
may also be an interesting tool in the diagnosis
and management of neonatal ventilator-
associated pneumonia (VAP) as described in a
recent study by Tusor et al. [36]. The proposed
multiparametric score including clinical vari-
ables and lung ultrasound findings demonstrates
promising predictive values for diagnosis of VAP
in neonates with underlying CLD but needs fur-
ther testing in larger patient populations under
prospective, multicenter clinical trial settings.

Bronchopulmonary Dysplasia

Bronchopulmonary dysplasia (BPD) remains a
major negative outcome of prematurity. BPD is a
continuum starting soon after, or even before birth,
and potentially continuing throughout infancy as
chronic respiratory morbidity. BPD is character-
ized by its evolutive nature and its variable clinical
severity [37]. Lung POCUS can document the
evolving changes of BPD that include pleural line

abnormalities, areas with B-lines, and consolida-
tions and reflect the non-homogenous nature of the
disease. The characteristic lung POCUS finding of
BPD is the presence of a thick pleural line with
areas of interstitial-alveolar syndrome, in some
cases a “white lung” appearance, with or without
consolidations [35, 38]. Lung ultraosund can reli-
ably predict progression towards BPD starting
shortly after birth (see below).

Neonatal Acute Respiratory Distress
Syndrome

ARDS is an acute and life-threatening respiratory
disease characterized by extensive lung tissue
inflammation, endothelial injury, and secondary
surfactant dysfunction that leads to loss of lung
aeration [27]. Pediatric (pARDS) and neonatal
ARDS (nARDS) share the same biological and
pathophysiological aspects as adult
ARDS. However, nARDS may have different
pathophysiology that presents specifically in the
neonatal period, such as MAS, pulmonary hem-
orrhage, sepsis, perinatal asphyxia, pneumonia,
and/or necrotizing enterocolitis [1].

Lung POUS findings show bilateral, irregular,
diffuse loss of aeration that may vary from a diffuse
interstitial pattern to an irregular alveolar pattern
with consolidations, air bronchograms, and atelec-
tasis [1, 39]. The Montreux diagnostic definition of
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nARDS officially requires chest radiographic find-
ings defined as “diffuse, bilateral and irregular
opacities or infiltrates, or complete opacification of
the lungs, which are not fully explained by local
effusion, atelectasis, RDS, TTN, or congenital lung
anomalies,” but lung POCUS is used reliably for
the diagnosis of ARDS in adults [40], ] and is con-
sidered suitable in neonates when sufficient clinical
expertise is available for interpretation [41]. Further
research is necessary to define the use of lung
POCUS in pARDS and nARDS.

Congenital Lung and Airway
Malformations

Congenital pulmonary adenomatous malforma-
tion (CPAM) and pulmonary sequestration (PS)
are usually diagnosed prenatally. Although most
of the babies are asymptomatic at birth, some
may present with respiratory distress and/or
hemodynamic compromise and require critical
care and early surgical resection [42]. Chest CT
and CT-angiography remain the gold standard for
postnatal management of CPAM and PS, but lung

Fig.5 Congenital
pulmonary adenomatous
malformation (CPAM).
Vertical scan of a CPAM
lesion. The presence of
one or more cystic
lesions (arrows) in the
lung parenchyma is
characteristic of CPAM
and has not been
described for other
neonatal respiratory
diseases

POCUS seems promising as an additional bed-
side tool for diagnosis, follow-up, and manage-
ment. Several case series show that lung POCUS
can be used to confirm lung lesions in infants
with an antenatal diagnosis of CPAM [43-45].
The main lung ultrasound findings for CPAM are
the presence of single or multiple cystic lesions,
with or without consolidation, and have not been
described for any other neonatal lung disease
[43] (Fig. 5). In PS, the search for evidence of a
systemic feeding vessel is essential [45].

Congenital Diaphragmatic Hernia

Congenital diaphragmatic hernia (CDH) is a
complex condition with considerable associated
mortality and morbidity rates. The congenital
defect of the diaphragm leads to herniation of
abdominal organs into the thorax and compro-
mise of the ipsilateral as well as contralateral
lung leading to lung hypoplasia and pulmonary
hypertension. The role of lung POCUS in the
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Fig. 6 Congenital
diaphragmatic hernia
(CDH). Vertical scan of
the left anterior chest
wall. In this image,
loops of small bowel
(bracket) are seen above
the pleural line (arrow)

diagnosis and management of CDH seems prom-
ising but remains to be determined [35, 46].
Postnatal data on lung POCUS findings are
scarce and limited to case descriptions. Thoracic
ultrasound shows a defect in the diaphragm, with
partial absence of the pleural line and absence of
A-lines in the affected hemithorax, and the pres-
ence of a multilayered area with hyperechoic
dynamic content (bowel) with or without abdom-
inal organs in the thoracic cavity [46]. (Fig. 6).

Functional Use of Lung Ultrasound

Lung POCUS is a valuable tool for the diagnosis
of the most common respiratory diseases shown
in the sections above. In addition, lung POCUS
can be used to guide respiratory therapeutic inter-
ventions and help in clinical decision-making as
shown below.

Lung Ultrasound Scores

Lung POCUS is an excellent tool for the evalua-
tion of loss of lung aeration as it detects the arti-

facts generated when the fluid/air ratio in the
lungs increases. The decrease in aeration leads to
an increase in B-lines and/or a progression
towards consolidation seen with complete loss of
aeration. Multiple quantitative lung aeration
scores have been developed based on this concept
and are widely used in adult critical medicine to
guide ventilation and lung recruitment, as well as
for other applications [47, 48]. Quantitative and
semi-quantitative LUS are fairly recent tech-
niques in pediatric and neonatal critical care and
are based on the same principles as adult scores
[1]. The following subsections will discuss a few
main applications of LUS in newborn (Fig. 7).

Lung Ultrasound Scores in RDS

The lung in RDS is characterized by a loss of
aeration as a result of alveolar collapse due to
surfactant deficiency. A quantitative LUS first
published by Brat et al. is a simplified version of
the adult lung ultrasound aeration scores [7]. The
LUS is specifically adapted for newborn and cor-
relates significantly with the quality of available
surfactant [19]. Each lung is divided into three
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Fig.7 The LUS score. © 2022 Yousef. All rights reserved
with permission. The lung ultrasound score allows for a
quantitative evaluation of lung aeration in the newborn.
Each lung is divided into three regions. A score of 0-3 is
given for each region and added to give a total score of

regions (anterior superior and inferior, and lat-
eral) and a score from O to 3 is given to each
region according to the degree of lung aeration
(Fig. 8). The LUS is calculated as the sum of
regional scores (maximal score of 18) and shows
high accuracy in predicting surfactant need in
CPAP-treated preterm and extremely preterm
infants [7, 49] with a meta-analytical AUC of
0.952 (95% CI: 0.951-0.953) for LUS cutoff
value between 6 and 8, and a higher diagnostic
accuracy than chest X-rays [50, 51]. Although
most authors use the score described by Brat et al.,
some include the posterior field in the evaluation
for a total of three to six areas of each lung [50].
Another simplified semi-quantitative
approach has been proposed to evaluate the loss
of aeration and utilizes three basic pattern clas-
sifications: Type 1 or white lung (severe alveolo-
interstitial pattern), Type 2 or white and black
lung (moderate alveolo-interstitial pattern), and
Type 3 or black lung (A-line pattern; normal
lung) [52]. Both proposed methods show good

LEFT LUNG

ANTERIOR
SUPERIOR

ANTERIOR
INFERIOR

N

SCORE 2

SCORE 3
© 2022 Yousef

0-18; 0 is given for <3 B-lines per intercostal space, 1 >3
B-lines per intercostal space, 2 when there are uncount-
able B-lines and disappearance of A-lines, and 3 is given
for consolidation. The LUS is the sum of the regional
scores and is inversely correlated with lung aeration

diagnostic accuracy for the early prediction of
the need for surfactant replacement, especially
for younger preterm infants compared with late
preterm and term infants as shown in two recent
meta-analyses [50, 53].

Surfactant administration should ideally be
performed within the first 2—3 hours after birth to
reduce mortality and morbidity [54]. LUS-guided
surfactant  replacement (also known as
(Echography-guided  Surfactant =~ THERapy
(ESTHER)) significantly increases the number of
patients treated within the optimal 3 hours time
frame, reduces oxygen exposure early in life, and
improves oxygenation after surfactant dosing,
without increasing the use of surfactant or chang-
ing cost/benefit ratios [55-57].

Lung Ultrasound Scores in BPD

Early prediction of the respiratory clinical course
and progression towards BPD are promising
applications of functional lung POCUS in very
low birth weight infants. Quantitative LUS allows
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to monitor changes in lung aeration and lung
function in extremely preterm infants over time.
Serial studies in preterm infants demonstrate a
significant difference in the trajectory of LUS in
infants who later develop BPD and those who do
not [58-60]. This difference is observed as early
as 1 week after birth. LUS are accurate for early
prediction of BPD and moderate to severe BPD,
in an average population of preterm infants
<32 weeks’ gestation as shown in a recent analy-
sis by Pezza et al. [61]. These authors evaluated
the use of LUS (the LUS described by Brat et al.
and eLUS, an extended LUS including posterior
lung regions) for the prediction of progression
towards BPD diagnosed at 36 weeks gestational
age. Seven studies (1027 neonates) were meta-
analyzed. Both LUS and eLUS showed good
diagnostic accuracy in predicting BPD at 7 and
14 days after birth (AUC 0.85-0.87; pooled sen-
sitivity, 70-80%; pooled specificity, 80-87%)
[61]. There is currently no specific treatment for
BPD, but the ability to predict BPD at an early
stage may have practical implications for the
management of at-risk infants in the future.

Integrating Lung Ultrasound into
POCUS Protocols

Targeted emergency ultrasound protocols are
widely used in adult medicine in many situations,
e.g., dyspnea [62], shock [62, 63], and cardiac
arrest [63, 64]. There is a need for specific and
adapted ultrasound protocols for the neonatal
population. SAFE-R (Sonographic Assessment
of liFe-threatening Emergencies—Revised) is
the first ultrasound protocol specifically designed
for the neonatologist faced with a suddenly
decompensating infant in the NICU and aims to
help guide initial management and resuscitation
efforts [65].

SAFE-R uses standardized ultrasound points
and a simple one-probe rule-in/rule-out approach
and needs minimal training to perform (Fig. 8).
SAFE-R allows for rapid screening for the most
common life-threatening complications needing
immediate attention, thereby allowing the clini-
cian to quickly initiate treatment, or in the case of

a negative screen, to promptly assess for other
neonatal conditions such as sepsis, decompensa-
tion of metabolic or endocrine disorders, or criti-
cal congenital heart disease needing urgent
comprehensive echocardiography.

The SAFE-R protocol requires prospective
evaluation as have similar adult critical
care ultrasound protocols [62]. Although any
probe can be used, the optimal probe needs to be
determined for each specific study [5].
International collaborative efforts are ongoing to
develop and evaluate targeted multiorgan ultra-
sound protocols.

Conclusion

The integration of lung POCUS into clinical
practice promises to transform the field of neona-
tology. Neonatal lung POCUS has evolved from
being a purely descriptive tool for qualitative
diagnosis of neonatal respiratory diseases to a
functional bedside tool to quantitatively evaluate
lung aeration and guide respiratory interventions.
The literature on neonatal lung ultrasound has
seen a rapid increase in recent years, but there
persists a significant knowledge gap compared
with adult critical care. Collaborative efforts and
multicenter studies using rigorous methodology
will hopefully contribute to increase experience
and knowledge regarding applications in the
coming years.

References

1. Raimondi F, Yousef N, Migliaro F, Capasso L, De
Luca D. Point-of-care lung ultrasound in neonatol-
ogy: classification into descriptive and functional
applications. Pediatr Res. 2018.

2. Cattarossi L, Copetti R, Poskurica B. Radiation expo-
sure early in life can be reduced by lung ultrasound.
Chest. 2011;139(3):730-1.

3. Escourrou G, De Luca D. Lung ultrasound decreased
radiation exposure in preterm infants in a neonatal
intensive care unit. Acta Paediatr. 2016;105(5):e237-9.

4. Raimondi F, Migliaro F, De Luca D, Yousef N,
Rodriguez FJ. Clinical data are essential to validate
lung ultrasound. Chest. 2016;149(6):1575.



174 N. Yousef and D. De Luca
5. Gomond-Le Goff C, Vivalda L, Foligno S, Loi B, 18. Machado LU, Fiori HH, Baldisserotto M, Ramos
Yousef N, De Luca D. Effect of different probes and Garcia PC, Vieira ACG, Fiori RM. Surfactant defi-
expertise on the interpretation reliability of point-of- ciency in transient tachypnea of the newborn. J
care lung ultrasound. Chest. 2020;157(4):924-31. Pediatr. 2011;159(5):750-4.

6. Copetti R, Cattarossi L, Macagno F, Violino M, 19. Autilio C, Echaide M, Benachi A, Marfaing-Koka
Furlan R. Lung ultrasound in respiratory distress syn- A, Capoluongo ED, Pérez-Gil J, et al. A noninvasive
drome: a useful tool for early diagnosis. Neonatology. surfactant adsorption test predicting the need for sur-
2008;94(1):52-9. factant therapy in preterm infants treated with con-

7. Brat R, Yousef N, Klifa R, Reynaud S, Shankar tinuous positive airway pressure. J Pediatr. 2017;182:
Aguilera S, De Luca D. Lung ultrasonography score 66-73.el.
to evaluate oxygenation and surfactant need in neo-  20. Lichtenstein DA. Lung ultrasound in the critically ill.
nates treated with continuous positive airway pres- Ann Intensive Care. 2014;4(1):1.
sure. JAMA Pediatr. 2015;169(8):e151797. 21. Raimondi F, Rodriguez Fanjul J, Aversa S, Chirico

8. Blank DA, Rogerson SR, Kamlin COF, Fox LM, G, Yousef N, De Luca D, et al. Lung ultrasound for
Lorenz L, Kane SC, et al. Lung ultrasound during the diagnosing pneumothorax in the critically ill neonate.
initiation of breathing in healthy term and late preterm J Pediatr. 2016;175:74-78.el.
infants immediately after birth, a prospective, obser-  22. Alrajab S, Youssef AM, Akkus NI, Caldito G. Pleural
vational study. Resuscitation. 2017;114:59-65. ultrasonography versus chest radiography for the

9. Blank DA, Gaertner VD, Kamlin COF, Nyland K, diagnosis of pneumothorax: review of the literature
Eckard NO, Dawson JA, et al. Respiratory changes and meta-analysis. Crit Care. 2013;17(5):R208.
in term infants immediately after birth. Resuscitation. ~ 23. Cattarossi L, Copetti R, Brusa G, Pintaldi S. Lung
2018;130:105-10. ultrasound diagnostic accuracy in neonatal pneumo-

10. Martelius L, Siivari L, Janér C, Helve O, Kaskinen A, thorax. Can Respir J. 2016;2016:6515069.
Kirjavainen T, et al. Lung ultrasound and static lung  24. Dahmarde H, Parooie F, Salarzaei M. Accuracy of
compliance during postnatal adaptation in healthy ultrasound in diagnosis of pneumothorax: a compari-
term infants. Neonatology. 2015;108(4):287-92. son between neonates and adults-a systematic review

11. Guo BB, Wang KK, Xie L, Liu XJ, Chen XY, and meta-analysis. Can Respir J. 2019;2019:5271982.
Zhang F, Chen C, Wu CJ. Comprehensive 25. SinghY, Tissot C, Fraga MV, Yousef N, Cortes RG,
Quantitative Assessment of Lung Liquid Clearance Lopez J, et al. International evidence-based guide-
by Lung Ultrasound Score in Neonates with No lines on point of care ultrasound (POCUS) for criti-
Lung Disease during the First 24 Hours. Biomed cally ill neonates and children issued by the POCUS
Res Int.  2020;24;2020:6598348.  https://doi. Working Group of the European Society of Paediatric
org/10.1155/2020/6598348. PMID: 32185213; and Neonatal Intensive Care (ESPNIC). Crit Care.
PMCID: PMC7060879. 2020;24(1):65.

12. Raimondi F, Migliaro F, Sodano A, Umbaldo A, 26. Kopincova J, Calkovska A. Meconium-induced
Romano A, Vallone G, et al. Can neonatal lung ultra- inflammation and surfactant inactivation: spe-
sound monitor fluid clearance and predict the need of cifics of molecular mechanisms. Pediatr Res.
respiratory support? Crit Care. 2012;16(6):R220. 2016;79(4):514-21.

13. Poerio A, Galletti S, Baldazzi M, Martini S, Rollo  27. De Luca D, van Kaam AH, Tingay DG, Courtney SE,
A, Spinedi S, et al. Lung ultrasound features pre- Danhaive O, Carnielli VP, et al. The Montreux defini-
dict admission to the neonatal intensive care unit in tion of neonatal ARDS: biological and clinical back-
infants with transient neonatal tachypnoea or respira- ground behind the description of a new entity. Lancet
tory distress syndrome born by caesarean section. Eur Respir Med. 2017;5(8):657-66.

J Pediatr. 2021;180(3):869-76. 28. Piastra M, Yousef N, Brat R, Manzoni P, Mokhtari M,

14. Copetti R, Cattarossi L. The “double lung point”: an De Luca D. Lung ultrasound findings in meconium
ultrasound sign diagnostic of transient tachypnea of aspiration syndrome. Early Hum Dev. 2014;90(Suppl
the newborn. Neonatology. 2007;91(3):203-9. 2):S41-3.

15. Raimondi F, Yousef N, Rodriguez Fanjul J, De Luca  29. Liu J, Cao HY, Fu W. Lung ultrasonography to diag-
D, Corsini I, Shankar-Aguilera S, et al. A multicenter nose meconium aspiration syndrome of the newborn.
lung ultrasound study on transient tachypnea of the J Int Med Res. 2016;44(6):1534-42.
neonate. Neonatology. 2019;115(3):263-8. 30. Autilio C, Echaide M, Shankar-Aguilera S, Bragado

16. Vergine M, Copetti R, Brusa G, Cattarossi L. Lung R, Amidani D, Salomone F, et al. Surfactant injury
ultrasound accuracy in respiratory distress syndrome in the early phase of severe meconium aspiration
and transient tachypnea of the newborn. Neonatology. syndrome. Am J Respir Cell Mol Biol. 2020;63(3):
2014:106(2):87-93. 327-37.

17. LiuJ, Chen XX, Li XW, Chen SW, WangY, FuW.Lung  31. Meau-Petit V, Fox GF. Atypical presentation of con-

Ultrasonography to Diagnose Transient Tachypnea of
the Newborn. Chest. 2016;149(5):1269-75.

genital pneumonia: value of lung ultrasound. J Adv
Pediatr Child Health. 2021;4(1):033—4.


https://doi.org/10.1155/2020/6598348
https://doi.org/10.1155/2020/6598348

Clinical Applications in Lung Point-of-Care Ultrasound Assessment in Neonates

175

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Liu J, Liu F, Liu Y, Wang HW, Feng ZC. Lung ultra-
sonography for the diagnosis of severe neonatal pneu-
monia. Chest. 2014;146(2):383-8.

Chen SW, Fu W, Liu J, Wang Y. Routine application
of lung ultrasonography in the neonatal intensive care
unit. Medicine (Baltimore). 2017;96(2):e5826.
Pereda MA, Chavez MA, Hooper-Miele CC, Gilman
RH, Steinhoff MC, Ellington LE, et al. Lung ultra-
sound for the diagnosis of pneumonia in children: a
meta-analysis. Pediatrics. 2015;135(4):714-22.
ESPNIC textbooks [Internet]. ESPNIC. [cited 2022
May 4]. https://www.espnic.eu/education/textbooks/.
Tusor N, De Cunto A, Basma Y, Klein JL, Meau-Petit
V. Ventilator-associated pneumonia in neonates: the
role of point of care lung ultrasound. Eur J Pediatr.
2021;180(1):137-46.

De Luca D. The promise of lung ultrasound to moni-
tor evolution of chronic respiratory morbidity in pre-
term infants. Chest. 2021;160(3):799-800.
Aldecoa-Bilbao V, Velilla M, Teresa-Palacio M,
Esponera CB, Barbero AH, Sin-Soler M, et al. Lung
ultrasound in bronchopulmonary dysplasia: patterns
and predictors in very preterm infants. Neonatology.
2021;118(5):537-45.

Bellani G, Mauri T, Pesenti A. Imaging in acute lung
injury and acute respiratory distress syndrome. Curr
Opin Crit Care. 2012;18(1):29-34.

Riviello ED, Kiviri W, Twagirumugabe T, Mueller
A, Banner-Goodspeed VM, Officer L, et al. Hospital
incidence and outcomes of the acute respiratory
distress syndrome using the Kigali modification of
the Berlin definition. Am J Respir Crit Care Med.
2016;193(1):52-9.

De Luca D, van Kaam AH, Tingay DG, Courtney
SE, Danhaive O, Carnielli VP, et al. Lung ultrasound
and neonatal ARDS: is Montreux closer to Berlin
than to Kigali?—authors’ reply. Lancet Respir Med.
2017;5(11):e32.

Stanton M, Njere I, Ade-Ajayi N, Patel S, Davenport
M. Systematic review and meta-analysis of the post-
natal management of congenital cystic lung lesions. J
Pediatr Surg. 2009;44(5):1027-33.

Yousef N, Mokhtari M, Durand P, Raimondi F,
Migliaro F, Letourneau A, et al. Lung ultrasound find-
ings in congenital pulmonary airway malformation.
Am J Perinatol. 2018;35(12):1222-7.

Merli L, Nanni L, Curatola A, Pellegrino M, De Santis
M, Silvaroli S, et al. Congenital lung malformations:
a novel application for lung ultrasound? J Ultrasound.
2021;24(3):349-53.

Quercia M, Panza R, Calderoni G, Di Mauro A,
Laforgia N. Lung ultrasound: a new tool in the man-
agement of congenital lung malformation. Am J
Perinatol. 2019;36(S2):S99-S105.

Corsini I, Parri N, Coviello C, Leonardi V, Dani
C. Lung ultrasound findings in congenital dia-
phragmatic hernia. Eur J Pediatr. 2019;178(4):
491-5.

Mongodi S, De Luca D, Colombo A, Stella A,
Santangelo E, Corradi F, et al. Quantitative lung ultra-

48.

49.

50.

51.

52

53.

54.

55.

56.

57.

58.

59.

60.

sound: technical aspects and clinical applications.
Anesthesiology. 2021;134(6):949-65.

Bouhemad B, Brisson H, Le-Guen M, Arbelot C,
Lu Q, Rouby JJ. Bedside ultrasound assessment of
positive end-expiratory pressure-induced lung recruit-
ment. Am J Respir Crit Care Med. 2011;183(3):341-7.
De Martino L, Yousef N, Ben-Ammar R, Raimondi
F, Shankar-Aguilera S, De Luca D. Lung ultrasound
score predicts surfactant need in extremely preterm
neonates. Pediatrics. 2018;142(3):e20180463.

De Luca D, Autilio C, Pezza L, Shankar-Aguilera
S, Tingay DG, Carnielli VP. Personalized medicine
for the management of RDS in preterm neonates.
Neonatology. 2021;118(2):127-38.

Perri A, Riccardi R, Tannotta R, Di Molfetta DV,
Arena R, Vento G, et al. Lung ultrasonography score
versus chest X-ray score to predict surfactant admin-
istration in newborns with respiratory distress syn-
drome. Pediatr Pulmonol. 2018;53(9):1231-6.

. Raimondi F, Migliaro F, Sodano A, Ferrara T, Lama

S, Vallone G, et al. Use of neonatal chest ultrasound
to predict noninvasive ventilation failure. Pediatrics.
2014;134(4):e1089-94.

Razak A, Faden M. Neonatal lung ultrasonography
to evaluate need for surfactant or mechanical ventila-
tion: a systematic review and meta-analysis. Arch Dis
Child Fetal Neonatal Ed. 2020;105(2):164-71.
Bahadue FL, Soll R. Early versus delayed selec-
tive surfactant treatment for neonatal respiratory
distress syndrome. Cochrane Database Syst Rev.
2012;11:CD001456.

Raschetti R, Yousef N, Vigo G, Marseglia G,
Centorrino R, Ben-Ammar R, et al. Echography-
guided surfactant therapy to improve timeliness of
surfactant replacement: a quality improvement proj-
ect. J Pediatr. 2019;212:137-143.¢1.
Rodriguez-Fanjul J, Jordan I, Balaguer M, Batista-
Muiioz A, Ramon M, Bobillo-Perez S. Early surfac-
tant replacement guided by lung ultrasound in preterm
newborns with RDS: the ULTRASURF randomised
controlled trial. Eur J Pediatr. 2020;179(12):1913-20.
De Luca D, Yousef N. Pharmaceutical expenditure is
unchanged with ultrasound-guided surfactant admin-
istration. Am J Perinatol. 2022;39(5):562-6.
Abdelmawla M, Louis D, Narvey M, Elsayed Y. A
lung ultrasound severity score predicts chronic
lung disease in preterm infants. Am J Perinatol.
2019;36(13):1357-61.

Alonso-Ojembarrena A,  Serna-Guerediaga I,
Aldecoa-Bilbao vV, Gregorio-Herndndez R,
Alonso-Quintela P, Concheiro-Guisan A, et al. The
predictive value of lung ultrasound scores in devel-
oping bronchopulmonary dysplasia: a prospec-
tive multicenter diagnostic accuracy study. Chest.
2021;160(3):1006-16.

Loi B, Vigo G, Baraldi E, Raimondi F, Carnielli VP,
Mosca F, et al. Lung ultrasound to monitor extremely
preterm infants and predict bronchopulmonary dys-
plasia. A multicenter longitudinal cohort study. Am J
Respir Crit Care Med. 2021;203(11):1398-409.


https://www.espnic.eu/education/textbooks/

176

N. Yousef and D. De Luca

61. Pezza L, Alonso-Ojembarrena A, Elsayed Y, Yousef
N, Vedovelli L, Raimondi F, et al. Meta-analysis of
lung ultrasound scores for early prediction of bron-
chopulmonary dysplasia. Ann Am Thorac Soc.
2022;19(4):659-67.

62. Lichtenstein DA. BLUE-protocol and FALLS-
protocol: two applications of lung ultrasound in the
critically ill. Chest. 2015;147(6):1659-70.

63. Milne J, Atkinson P, Lewis D, Fraser J, Diegelmann
L, Olszynski P, et al. Sonography in hypotension and
cardiac arrest (SHoC): rates of abnormal findings in
undifferentiated hypotension and during cardiac arrest

64.

65.

as a basis for consensus on a hierarchical point of care
ultrasound protocol. Cureus. 2016;8(4):e564.
Lichtenstein D, Malbrain MLNG. Critical care
ultrasound in cardiac arrest. Technological require-
ments for performing the SESAME-protocol—a
holistic approach. Anaesthesiol Intensive Ther.
2015:47(5):471-81.

Yousef N, Singh Y, De Luca D. “Playing it SAFE in
the NICU” SAFE-R: a targeted diagnostic ultrasound
protocol for the suddenly decompensating infant in
the NICU. Eur J Pediatr. 2022;181(1):393-8.



Part IV

Abdominal Assessment



®

Check for
updates

Abdominal Point-of-Care
Ultrasound in Neonatal
and Pediatric Populations

Yasser Elsayed and Vidit Bhargava

Contents

Introduction 179
Upper Abdomen (Liver, Spleen, and Stomach) .........cccceceevevenenenennnnieeeeeeeeeeeenenens 180
Lower Abdomen (Bowel, Peritoneal Cavity, and Abdominal Blood Vessels) .............. 184
Renal and Bladder UItrasound ............cceeeeeeeeeecieeeesieceece et eeeeseesseeseesseesesssesnen s 192
Conclusion 195
Appendix: Intestinal Ultrasound Findings in Bowel Injury or Ischemia .............. 195
References 202

Introduction

A broad spectrum of critical abdominal patho-
logical conditions occuring in neonates and
children warrants a real-time sonographic
assessment. Abdominal radiographs have lim-
ited value with low sensitivity and specificity in
many conditions, particularly in assessing bowel
perfusion and microcirculation [1]. The advan-
tages of abdominal point-of-care ultrasound
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(POCUYS) include that it is noninvasive, readily
available, can provide information in real-time,
and can guide therapeutic intervention (such as
paracentesis). Thus, abdominal POCUS is an
important tool for use in neonatal and pediatric
abdominal emergencies [2, 3]. However, it
should still be considered an adjunct rather than
replacing abdominal radiographs due to its limi-
tations and operator constraints [3].
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Upper Abdomen (Liver, Spleen,
and Stomach)

The upper abdomen can be divided into right and
left sides. The right upper abdomen contains the
right lobe of the liver, pylorus, and duodenum,
and the left upper abdomen has the left lobe of
the liver and body of the stomach. The right pos-
terior upper abdomen contains the right lobe of
the liver, and the left posterior upper abdomen
contains the spleen. Figure 1 demonstrates the
organs in the upper abdomen and plans for ultra-
sound assessment.

Liver

The recommended probe for assessment of the
liver includes curvilinear and phased array trans-
ducers. The optimal patient positioning is either
supine or left lateral decubitus.
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Fig. 1 The organs of the upper abdomen that can be
assessed by ultrasound; the transparency of the organs
reflects the anteroposterior arrangement of the organs.
The ultrasound planes from right to left include (1) right
anterior axillary line, (2) right midclavicular line, (3) mid-
line, (4) left midclavicular line. L liver, S stomach, P pylo-
rus, SP spleen

The liver can be assessed from ventral and lat-
eral approaches, and sometimes the posterior
approach is necessary for improved visualization.
Providers should start with a sweep through the
entire liver in sagittal and axial sections. From
there they should follow the course of major
blood vessels (portal vein, hepatic veins), assess
the gall bladder, and eventually add Doppler if
indicated.

The anterior upper right abdomen should be
assessed in at least two plains: the anterior axil-
lary and midclavicular line. All other regions of
the abdomen can typically be assessed in one
plain: the posterior right abdomen at the posterior
axillary line, the upper left abdomen at the mid-
clavicular line, and the posterior left abdomen at
the posterior axillary line. Providers should per-
form 2D sagittal and axial sections in all plains
and add color Doppler or pulse wave Doppler
(PWD) whenever necessary.

Liver parenchyma is characterized by homog-
enous echos of medium echogenicity and smooth
margins. Physiologically, the left liver lobe is
larger relative to the right lobe in neonates. The
left lobe of a neonate gradually decreases in size
after the closure of ductus venosus [4]. Figure 2
demonstrates the three-dimensional segmenta-
tion of liver and hepatic vasculature.

The ligamentum falciform hepatis and liga-
mentum teres hepatis are usually only seen

Fig. 2 Three-dimensional diagram demonstrating the
relationship between the 8 liver segments. RHV right
hepatic vein, MHV main hepatic vein, LHV left hepatic
vein, /VC inferior vena cava
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when patients have ascites. Hepatic veins con-
verge cranially to drain into the subdiaphrag-
matic inferior vena cava (IVC) or the right
atrium. Usually, three main hepatic veins drain
into the subdiaphragmatic IVC. However, there
may be other veins with insertions at different
levels of the intrahepatic ICV that exist as nor-
mal variants.

The portal vein enters at the hepatic hilus and
should not show signs of tapering (a sign of por-
tal hypertension). The portal vein branches into
the left and right portal veins centrally in the
liver. Periportal regions become enlarged and
more echogenic in various conditions or may
appear prominent with decreased echogenicity of
liver parenchyma. During the first few days of
life in neonates, communication may persist
between ductus venous and the IVC or right
atrium but should obliterate spontaneously. A
persistent ductus venosus usually indicates
underlying liver disease with increased periph-
eral liver resistance.

The hepatic artery can be followed from its
origin at the celiac trunk as it branches into the
left and right hepatic arteries. Usually, color
Doppler enables easy identification and differen-
tiation from other tubular structures, particularly
in the liver periphery, where differentiation
between the hepatic artery and pathologic dila-
tion of intrahepatic bile ducts is otherwise
difficult.

The gall bladder is positioned on the lower
surface of the liver and centrally positioned close
to the hilus on the right side. The gallbladder is a
thin-walled structure with anechoic contents. Its
size can vary depending on the time of the last
enteral intake. The gallbladder is best visualized
in a subcostal oblique view at the midclavicular
line. Thickening of the gallbladder wall may indi-
cate pathology, though note that an empty or
poorly filled gall bladder, particularly if relatively
large when filled, may show a falsely thickened
wall.

Common Pathological Conditions
Liver Congestion

Liver congestion occurs in conditions character-
ized by increased right atrial pressure

Hepaticveins

Fig. 3 Liver congestion with dilated IVC and hepatic
veins (blue arrows), making the moose head sign

(e.g., secondary to congenital heart diseases or
pulmonary hypertension) or hypervolemia [5].

Figure 3 demonstrates characteristic ultra-
sound findings in patients with liver congestion.
The initial findings of liver congestion typically
include an enlarged liver with reduced echo-
genicity, though chronic conditions may demon-
strate increased echogenicity. The congested liver
has a smooth surface with a rounded lower margin
and dilated hepatic veins that can be followed into
the liver periphery. The hepatic veins will typi-
cally empty into a dilated IVC, creating an image
similar to a moose head. Patients with liver con-
gestion may also have ascites, splenomegaly,
omental thickening, and edematous thickening of
the congested bowel wall. Color Doppler may
demonstrate increased vascular flow into the liver
periphery triggered by atrial contractions.

Tricuspid insufficiency may also be identified
on cardiac imaging secondary to volume or pres-
sure overload conditions.

Liver Hematoma

A simple hematoma or subcapsular hemorrhage
is usually not life-threatening. However, the con-
dition may become more severe if the liver cap-
sule ruptures and significant free peritoneal fluid
is visualized. It is important to recognize that free
peritoneal fluid or blood appearing like compli-
cated ascites can be found anywhere in the abdo-
men and does not necessarily correlate with the
injury site [6].
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A hematoma or subcapsular hemorrhage may
have the same echogenicity as liver parenchyma.
However, the disruption of other structures within
the liver, such as vessels or the general contour of
the liver, may be an early sign of injury. A sub-
capsular hemorrhage will typically appear as
hypoechoic fluid around the liver (Fig. 4) [6].

Liver Contusion
A liver contusion is more challenging to diagnose
compared to a hemorrhage and will often appear
triangular within subcapsular regions.
Contusions are initially difficult to visualize,
and their echogenicity changes from hyperechoic
to hypoechoic over time (Fig. 5). Color Doppler
may improve the detection of contusions by dem-
onstrating abnormal vessel color signals in
regions in which focal disruption of normal vas-
cular architecture has occurred.

Bile Duct Gas

Identifying bile duct gas indicates an infection or
distal obstruction, though it may also be transient
without an identified pathophysiologic process.
The bile duct is assessed from its insertion in the
duodenum and inspected for any small and
mobile hyperechoic foci within the lumen indi-
cating the presence of air.

Fig.4 Subcapsular hemorrhage with hypoechoic subcap-
sular collection of fluid (blue arrow)

Fig.5 Liver contusion, still hyperechoic (blue arrows)

Portal Venous Gas

Hyperechoic abnormalities “floating” in the por-
tal venous system indicate concerning patho-
physiologic abnormalities of the gastrointestinal
tract, including necrotizing enterocolitis, isch-
emic bowel, and food protein-induced enterocoli-
tis. The condition may also be idiopathic though
the severity of conditions predisposing patients to
develop portal-free air requires an extensive eval-
uation to rule out conditions with high morbidity
and mortality [7, 8].

Most commonly, gas gathers in the dependent
areas (anterior aspects of the liver in the supine
position). Portal gas can be seen as tiny
mobile echogenic foci (sometimes with comet-
tail-like reverberation artifacts) visualized in cen-
tral portal venous structures (Fig. 6) [9].

Color Doppler may demonstrate bidirec-
tional spikes on spectral tracing identifying
vascular structures, which can help differenti-
ate between biliary and vascular air. Ultrasound
is the most sensitive method for detecting air,
even in mild cases that cannot be visualized
using radiography. An immediate and thorough
ultrasound investigation of the gastrointestinal
tract is indicated if free air is identified. The
finding of venous gas can be nonspecific.
Therefore, the diagnosis of venous gas should
integrate these ultrasound findings with other
clinical data [3, 10].
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Fig.6 Liver image with portal venous gases, more prom-
inent inside the red circle

Spleen

An enlarged spleen on palpation is a frequent
indication for abdominal ultrasound and may
indicate systemic diseases, including oncologic
processes, infections, or portal hypertension. The
recommended probe for assessment of the spleen
is typically curvilinear or phased array probe.
Linear transducers can be used for detailed anal-
ysis, especially in younger children and infants
with thin abdominal walls. Patients are optimally
positioned in a right lateral decubitus position
[4]. The spleen is also often interrogated during
trauma assessments, and this is likely the most
common reason for evaluation by acute care pro-
viders. Splenic injury resulting in hemorrhage
can be common in blunt abdominal trauma in
children and may also be present due to birth
trauma. Children are capable of hemodynamic
compensation even in the presence of severe
hemorrhage. Thus, they are at risk of sudden
deterioration at the extremes of physiologic per-
turbation rendering a thorough ultrasound inves-
tigation of the abdomen particularly valuable to
rule out bleeding from splenic injury [4].

Splenic injury may result in increased spleen
size due to subcapsular hematoma, which some-
times cannot be discriminated from normal
spleen tissue in the early post-trauma stages of
injury. Peri-splenic fluid, either simple or com-
plex due to the sedimentation of erythrocytes,

may be present and indicative of hemorrhage.
Contusions without hemorrhage often only
exhibit regionally heterogeneous abnormalities
without the demarcation present with a hema-
toma. With splenic laceration, the contour of the
parenchyma is disrupted, and free fluid is often
visualized. With splenic injury, there may also be
evidence of reduced diaphragmatic motion.

Stomach

The stomach is optimally assessed in a fasted
patient or patient with full stomach contents since
any air will preclude the transmission of ultra-
sound waves. Due to the frequent presence of gas
in the stomach, this organ can be difficult to
image using ultrasound. Typically, patients are
initially positioned in the supine position, though
positioning maneuvers, including moving
patients to the right or left lateral decubitus posi-
tions, may aid in the visualization of structures.

Near-field structures such as the pylorus and
ventral wall of the stomach can be best visualized
using high-resolution linear (or curved array)
transducers [11]. The indications for gastric
ultrasound include non-bilious vomiting, the
assessment of gastric contents, and its inclusion
in upper abdominal ultrasound protocols.

Stomach imaging includes ultrasound interro-
gation of the subxiphoid, median, or upper left
abdomen. Images may be improved by using the
left lobe of the liver as a window for acquisition.
A focused assessment of the gastroduodenal out-
let (pylorus) may utilize windows from the upper
right quadrant. Systematic assessment localizes
either the gastroesophageal entrance or pylorus
with axial scanning through the stomach before
transitioning to the longitudinal plane. The longi-
tudinal plane is the optimum view for identifying
inlet or outlet abnormalities. Ultrasonographers
can assess for reflux or intermittent herniation
towards the thoracic space at the gastroesopha-
geal junction and can assess functionality in tran-
sitioning stomach contents into the duodenal
bulb at the pylorus.

A normal stomach demonstrates a collapsed
distal esophagus and gastroesophageal junction
which should not measure more than 5-7 mm
in young infants. The gastric wall, similar to the



184

Y. Elsayed and V. Bhargava

bowel wall, has five layers and a wall thickness
typically less than 3—4 mm. The inner mucosa
is echogenic and appears thin. The contour of
inner mucosa and gastric folds can be visual-
ized if the stomach is sufficiently filled with
anechoic fluid or other medium, allowing for
ultrasound wave transmission. The ultrasound
appearance of stomach contents varies depend-
ing on fluid or food content and the amount of
air. The pylorus usually shows a slight thicken-
ing of the muscular wall compared to the stom-
ach [11].

Common Pathological Conditions

Gastroesophageal Reflux (GER)

Reflux of stomach contents to the esophagus is
characterized by small amounts of intermittent
regurgitation through the gastroesophageal junc-
tion and can be physiologic in the first 6 months
of life. The assessment can incorporate the provi-
sion of reflux by drinking formula or using a
water test in older children. Optimal images can
be acquired by placing the patient in the left lat-
eral decubitus position with slight pressure on the
abdomen with a transducer.

Abnormal findings include regurgitation of
fluid from the stomach into the esophagus with
variable dilation of the gastric inlet.
Abnormalities can be quantified and qualified
by assessing the number and duration of reflux
episodes with the concurrent characterization of
esophageal clearance and wall thickness. The
presence of gastric structure herniation into the
thoracic cavity can also be evaluated within the
scope of this exam [12].

Hypertrophic Pyloric Stenosis
Clinically, pyloric stenosis is characterized by
episodic abdominal pain with propulsive non-
bilious vomiting and most commonly occurs in
boys aged 4—12 weeks of age. Pyloric stenosis is
typically treated surgically, though conservative
medical management may be an option in early
and mild disease as well as in patients with high
surgical risk [11, 13].

Figure 7 demonstrates ultrasound findings
consistent with pyloric stenosis. These include

Pylorus

Ng

Stomach

Fig. 7 The thickening of the muscular layer in hypertro-
phic pyloric stenosis (green arrows)

pyloric enlargement of the length (>15 mm),
thickness (>3 mm), axial diameter (>12 mm),
and wall-to-lumen ratio (>2:1). There will be a
change in wall thickness from the stomach to the
pylorus with a typical shoulder-like contour at
the pyloric entrance. Often the pylorus will be
displaced and gastric enlargement with residual
volume will present in fasted children.

Lower Abdomen (Bowel, Peritoneal
Cavity, and Abdominal Blood Vessels)

Visualizing the bowel is easier after feeding and
with less air content; therefore, neonates are an
optimal population for interrogation since the
bowel is full of fluid and meconium immediately
after birth. A saline enema may help visualize the
colon and can be used therapeutically in meco-
nium ileus [14, 15].

There are numerous indications for bowel
ultrasound in children, most notably to evaluate
concerns for bowel obstruction and/or ischemic
processes, including unique (or more prevalent)
conditions found in pediatric populations, includ-
ing necrotizing enterocolitis, intussusception,
volvulus, intestinal Henoch—Schoenlein purpura,
appendicitis, food protein-induced enterocolitis
or in pediatric abdominal trauma.

To interrogate the lower abdomen patients are
usually positioned supine and with relaxed abdom-
inal wall musculature as tolerated (sometimes
optimized by support to the knees flexed crani-
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ally). In general, higher frequency linear transduc-
ers optimize image resolution in younger patients.
Curvilinear and phased array probes allow for bet-
ter scanning depths. Therefore, the optimal probe
and frequency for assessment often depend upon
the patient age and position of the targeted bowel
segment. 2D Imaging of abdominal regions can be
complemented by using color Doppler imaging,
and the bowel should be assessed in sagittal and
axial sectional sweeps [3, 10, 16].

The first step in assessing lower abdominal
contents is identifying well-defined structures
(e.g., pylorus, cecum, and rectum). Follow
respective loops continuously from distal to
proximal or the opposite direction. The jejunum
occupies the upper left quadrant of the abdomen,
while the ileum typically occupies the lower right
quadrant (Fig. 8). The jejunal wall is thicker and
mucosa is characterized by luminal folds called
plicae circularis, while the ileum wall is thinner
with smoother mucosa. The colonic wall demon-
strates dome-shaped colonic haustra and is gen-
erally smooth and thin. Figure 9 is a cartoon
simulating the ultrasound view of different bowel
structures [16].

Fig. 8 The lumen of the jejunum is thick and rich in
mucosal folds; the ilium wall is thin with a smooth muco-
sal surface

Imaging any portion of the bowel allows for
assessment of wall structure and thickness, size
(including concerning regions of stenosis), com-
pressibility, and presence of peristalsis and its
direction. Providers can assess the lumen for con-
tent and longitudinal sections to describe the
inner contour for segment differentiation
(Fig. 10) and the presence of stenosis.

Adding color Doppler can be an important
component of assessing bowel wall vasculature
and perfusion. Assessment of the mesenteric
artery/vein orientation and celiac trunk is helpful
to determine the presence of malrotation. Normal
bowel will demonstrate a characteristic “intesti-
nal signature” with at least three, but frequently
all five layers of muscle and mucosa (Figs. 11
and 12) [10, 17, 18].

Normal small bowel is smooth, with clear lay-
ered walls, most lumens collapsed, and obvious
peristalsis. It contains fluid, gas, and stool with
variable echogenicity (Fig. 11). The five layers of
the bowel wall can be identified in a high-quality
image as in Fig. 12.

As general rules, a well-perfused intestine is
hypoechoic with a normal intestinal signature,
and an ischemic intestine is echogenic and often
with an absent intestinal signature. Significant
sonographic findings associated with pathophysi-
ologic processes in neonates and children
include (Appendix):

1. The presence of linear or punctuate echo-
genic foci outside of the bowel with multiple
A-line artifacts (Fig. 13) indicating
pneumoperitoneum.

2. Focal fluid collections with complex echoes
or septations within the fluid collections.

3. Bowel wall thickening greater than 2.6 mm
or greater.

4. Bowel wall thinning less than 11.0 mm.

5. Loss of intestinal wall signature with an
overall increase in mural echogenicity.

6. Pneumatosis intestinalis defined by the pres-
ence of punctate echogenic foci within the
bowel wall in absence of artifact shadows.

7. Portal venous gas identified by the presence
of punctate or linear moving echogenic foci
within the portal vessels.
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Fig. 9 Cartoon simulating the normal ultrasound images
of bowel structures in sagittal section (a), and axial sec-
tion (b). (a) S stomach which may overlap the transverse
colon, HF hepatic flexure, SF splenic flexure, AC ascend-
ing colon, DC descending colon, SC sigmoid colon. The
jejunum is representing the upper left part of lower abdo-
men, it has a thick wall and mucosal folds, and ilium is the
lower right part, it has a thin smooth wall. Colonic wall is

. »

also smooth and thin but also has haustra design, the color
Doppler appear as small speckles, 3-9 speckle in each
2 x 2 color box. (b) The axial section of jejunum which
has a thicker wall compared to ilium and colon, and wall
in all views has multiple layers which gives the normal
wall signature. The red and blue stars are representing
normal speckles of color Doppler

Fig. 10 The left image (a) is jejunum in sagittal section
with internal mucosal folds, the middle image (b) is axial
section of ilium with smooth internal surface, and the

8. Increased perfusion identified by an abnor-
mal color Doppler pattern signifying hyper-
emia. Of note, a normal bowel color Doppler
pattern is the presence of 3-9 small, scat-
tered speckles within one assessment frame
(Fig. 11).

9. Absent flow within a loop of bowel on color
Doppler imaging.

right image (c) of colon with haustra. Notice the multilay-
ers of the normal walls

10. Absent peristalsis defined as no bowel move-
ment on a recorded clip for 60 seconds.

11. Dilated bowel with anechoic contents defined
by the presence of anechoic fluid within
bowel with a diameter equal to or greater
than two vertebral body heights (as measured
on radiography; this can be used as a conve-
nient internal control for size) [16, 19].
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Fig. 11 The left image (a) is the gray or hypoechoic
appearance of normal bowels. They appear crowded, with
no peritoneal fluid, and would demonstrate active peristal-

Fig. 12 The five layers of normal intestinal walls (“intes-
tinal signature”): (1) mucosal interface with the lumen
and it is echogenic layer, (2) hypoechoic true mucosa, (3)
echogenic submucosa, (4) hypoechoic muscularis, (5)
echogenic serosa

To assess suspected bowel injury, the provider
can work systematically by beginning with the
assessment of the liver. The liver echotexture can
be evaluated by sweeping both right and left
lobes in sagittal and axial sections which is
important to detect portal venous gas as described
previously. Further, the provider can assess for
clots in the hepatic or portal veins, and evaluate
the gall bladder for abnormalities. The bowel can

sis in a live clip. The white arrow represents the thickness
of a loop of bowel. The right image (b) is normal appear-
ance of color Doppler over healthy bowel

Fig. 13 Perforated bowel with encysted air collection
presented as echogenic parallel artifact A-lines with a
shadow underneath (blue arrow)

then be systematically inspected for the 11 ultra-
sound abnormalities discussed above. The colon
is best assessed in the subhepatic area and lateral
flanks and can be distinguished by colonic
haustra.

Figure 14 shows the 4 abdominal quadrants
that should be assessed by ultrasound including
the right upper quadrant (containing part of the
right lobe of the liver, right hepatic flexure of
colon, gall bladder, pylorus, duodenum, and part
of jejunum), right lower quadrant (containing the
ascending colon, cecum, ilium, and appendix),
left upper quadrant (containing the splenic flex-
ure, descending colon, and jejunum), and left
lower quadrant (containing portions of the jeju-
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Fig. 14 Assessment of bowel should include 4 different
quadrants. Notice the liver overlap part of the right upper
quadrant. RUQ right upper quadrant, RLQ right lower
quadrant, LUQ left lower quadrant, LLQ left lower
quadrant

num, ilium, descending colon, and sigmoid
colon) [9, 16, 19, 20].

Abnormalities identified above may be incor-
porated into clinical diagnostics to support or
refute the presence of clinical pathophysiologic
processes. Appendix identifies the different ultra-
sound findings in varied types of bowel injuries
that are briefly discussed below.

Common Pathological Conditions

Necrotizing Enterocolitis

Necrotizing enterocolitis (NEC) is a multifacto-
rial disease most frequently identified in preterm
infants, with a peak incidence around corrected
gestational ages of 29-32 weeks. In this popula-
tion, NEC can be triggered by delayed feeding or
periods of nil per os (NPO) as well as prolonged
use of antibiotics. The presence of any of the 11
described ultrasound abnormalities should be
assessed in each quadrant separately. NEC
restricted to 1-2 quadrants may be considered
mild to moderate and can be recognized versus

more severe progression with findings in 3—4
quadrants [21]. The presence of bowel wall thick-
ening or thinning, absent peristalsis, and evidence
of poor perfusion on color Doppler are associated
with an increased odds ratio of surgical interven-
tion and correlate with pathological changes of
the bowel. Bowel wall echogenicity has been
reported in early-stage NEC and presents prior to
portal venous gas or perforation [8, 22-25].
Figures 15 and 16 are cartoon representations of
ultrasound findings in mild versus severe NEC.

Food Protein-Induced Enterocolitis

Food protein-induced enterocolitis (FPIE) is
poorly described in the neonatal population and
is commonly misdiagnosed and treated as NEC
since ultrasonographic features frequently over-
lap. Differentiation between FPIE and NEC is
crucial as management is different between the
two conditions. FPIE is non-IgE-induced bowel
injury due to sensitivity to food protein and
occurs more frequently with artificial formula but
might occur with breast milk. Recent literature
suggests patients with NEC may have more
global dysfunction of bowel motility compared
to the regional abnormalities seen in FPIE [26].

Hypoxic/Ischemic Bowel

Ischemic bowel injury might be associated with
severe hypoxic ischemic encephalopathy (HIE)
or associated with compromised oxygen delivery
due to severe anemia, shock, congenital heart dis-
eases with compromised systemic blood flow, or
severe hypoxemia. Compromised blood flow sec-
ondary to an anatomical “twist” of the bowel as
in patients with malrotation, volvulus, or intus-
susception requires urgent surgical intervention
[24, 25] as discussed later in this chapter.

Henoch-Schonlein Purpura
Henoch—Schonlein Purpura is a systemic vascu-
lopathy that may affect the bowel, kidneys, and
other organs. Ultrasound findings are nonspecific
and may demonstrate an echogenic and thick-
ened bowel wall (particularly the mucosa). The
lumen may also contain echogenic content due to
hemorrhage or hyperemia [6, 27].
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Fig. 15 Cartoon simulation of ultrasound changes in
mild necrotizing enterocolitis: (a) in sagittal section,
thickening walls, pneumatosis intestinalis as white tiny

Fig. 16 Cartoon simulation of ultrasound changes in
severe necrotizing enterocolitis: (a) in sagittal section,
thinning walls, pneumatosis intestinalis as white tiny dots,

Atresia

Congenital atresia is defined by the occlusion of
bowel lumen. Ultrasound findings proximal to the
atretic bowel demonstrate fluid-filled distended
bowel loops with a sudden change in diameter at
the site of obstruction. Distal to the obstruction,
the bowel loops appear collapsed. In “high” atre-

dots, hyperemia as circular hyperemia, or zebra at the

jejunal loops; (b) in axial section, circular and Y shaped

hyperemia, thickening walls

lium o
[ ]

Colon

ischemia as absent signals of color Doppler, absent intes-
tinal signature, floating loops in ascitic fluids; (b) in axial
section, similar findings

sia (i.e., duodenum, jejunum) meconium may be
present distal to the obstruction. In distal atresia
the bowel will be without meconium and appear
narrow, referred to as “empty bowel.” Figure 17 is
an ultrasound image at the RUQ with a microco-
lon secondary to ileal atresia [28, 29].
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Fig. 17 Ultrasound image of the RUQ with microcolon
secondary to ileal atresia

Malrotation

Malrotation is an atypical rotation or abnormal
fixation of bowel presenting with obstructive
symptoms and due to the incomplete fetal rota-
tion of the foregut. A characteristic ultrasound
finding is the inverse orientation of the superior
mesenteric artery relative to the superior mesen-
teric vein. The atypical position of mesenteric
vessels may not be diagnostic as rotation anoma-
lies may coexist with normal vessel orientation,
and normal rotation may be present despite
inverse vessel orientation. The finding of an
abnormal position of the duodenum-jejunal flex-
ure by ultrasound or fluoroscopy can provide
supportive evidence of malrotation [30-32].

Volvulus

Volvulus is the twisted torsion of the upper small
bowel around the mesenteric root resulting in
vascular compromise, bowel ischemia, and hem-
orrhagic infarction. Volvulus commonly presents
in the first weeks of life as a surgical emergency
[30, 33]. Volvulus is characterized by the pres-
ence of a dilated, fluid-filled duodenum with
abrupt disruption due to the clockwise-twisted
dilated superior mesenteric vein which curls
around the more centrally positioned superior
mesenteric artery. This is known ultrasonograph-

Fig. 18 Whirlpool sign which is an important color
Doppler marker in the diagnosis of volvulus

ically as “whirlpool sign” (Fig. 18). Similar to
other bowel pathological processes, the presence
of 2D ultrasound findings depends upon the
severity and duration of the volvulus. In more
severe cases ultrasound may reveal the presence
of peritoneal fluid and thickened echogenic
bowel wall with hemorrhage and edema. Twisted
bowel may appear donut-shaped (Fig. 19).
Ultrasound is reliable for diagnosing volvulus
and, once the whirlpool sign is visualized, time is
critical for successful surgical intervention. In
equivocal situations, emergency fluoroscopy
should be performed to establish the diagnosis
[30].

Hirschsprung Disease

Hirschsprung disease and other neuropathies of
the bowel including neuronal intestinal dysplasia
are caused by a lack of appropriate bowel inner-
vation with the absence of peristalsis resulting in
progressive constipation and bowel dilatation
[33, 34]. Ultrasound findings include impressive
dilatation of stool-filled colon (megacolon) with
the ultimate diagnosis made by biopsy and
histology.

Meconium lleus

A meconium ileus results from obstruction of
bowel by inspissated meconium. This condition
is commonly seen in preterm infants, after dehy-
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dration, or secondary to cystic fibrosis [32].
Ultrasound findings include dilated small bowel
loops with highly echogenic content (typical for
meconium). Passage of meconium results in a
sudden luminal change from dilated to very nar-
row bowel (Fig. 20).

Intussusception

Intussusception is the telescopic invagination of a
proximal bowel segment (intussusceptum) into a
more distal segment (intussuscipiens). Small
bowel intussusceptions are associated with a
number of conditions including gastroenteritis or
hyperperistalsis and most frequently occur at the
junction of the small and large bowel [2, 35].

Fig. 19 Midgut ultrasound image with donut-shaped
loop and thin wall. This portion of the bowel was necrosed
secondary to intrauterine volvulus in a newborn and surgi-
cally removed shortly after this ultrasound

Fig. 20 Ultrasound
image of an infant with
meconium ileus. Dilated
small bowel is present in
the image on the left.
The image on the right
demonstrates echogenic
contrast filling the
dilated bowel following
barium upper
gastrointestinal study

Ultrasound is a reliable method of diagnosis. The
invaginated portion appears as a double-walled
“loop” in both sagittal and axial sections with
disrupted blood flow identified by color Doppler
(Fig. 21).

Appendicitis

Appendicitis is the inflammation of the appendix
which risks perforation, abscess, peritonitis, and
fistulae formation [6, 36]. Typically located in the
right lower quadrant, the inflamed appendix can
commonly be found with careful inspection
around the cecal pole and the lower margin of the
liver. The normal appearance of the appendix is a
blind-ending tubular structure with a typical
bowel wall appearance, commonly without con-
tent. The appendix is compressible with ultra-
sound palpation and this compression should be
painless. The normal diameter of an appendix in
children is 3—6 mm and, with the inflammation of
appendicitis, becomes enlarged with an outer
diameter >6 mm. The inflamed appendix will
also be aperistaltic and non-compressible, some-
times with a hyperechoic appendicolith with pos-
terior shadowing (Fig. 22).

Abdominal Bleeding

Ultrasound has a higher sensitivity compared to
radiography in assessing and localizing abdomi-
nal bleeding and can be performed upon any
infant or child suspected of having anemic shock
due to traumatic or non-traumatic hemorrhage [6,
14, 37]. Ultrasound can identify blood as an
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Fig. 21 Ultrasound
image of an infant with
intussusception before
surgery. The image on
the left is the axial view
and on the right is the
sagittal view. The blue
arrow is pointing to the
inner loop and red arrow
is to the outer loop in
both images

Fig. 22 Ultrasound
image of a patient with
appendicitis. Notice the
thickened edematous
wall and fluid-filled
lumen (possibly pus) in
sagittal section (red
arrows, image on left),
and axial section (white
arrow, image on right)

anechoic collection of fluid around bowel loops
or in dependent regions of the abdomen. Clinical
correction is important as ultrasound does not
differentiate hemorrhagic ascites from other
types of free fluid [6].

Renal and Bladder Ultrasound

Renal and bladder ultrasound (RBUS) is quick,
reliable, easily available, inexpensive, and has a
rapid and steep learning curve facilitating basic
interrogation even by novice sonographers [38].
RBUS is particularly valuable in the initial inves-
tigation of a child or neonate with oliguria/anuria
[39]. Its role in the evaluation of flank pain has
been explored, but an overall paucity of literature
precludes recommendation for its use in all
patients.

Renal Ultrasound

A low-frequency, curvilinear, or phased array
probe is preferred for interrogation of both the
kidneys and the urinary bladder. However, in
infants and neonates a linear probe may be suffi-
cient given the superficial positioning of the
organs. The native kidney is imaged in at least
two orthogonal planes. The probe is placed in the
right and left upper quadrants and a sagittal plane
in the mid-posterior axillary line with the probe
marker oriented cranially for right and left kidney
evaluation, respectively. The kidneys are retro-
peritoneal and require the probe to be directed
posteriorly compared to the interrogation of the
liver and spleen. The left kidney is usually higher
and more posterior than the right kidney. The cli-
nician must then rotate the probe in a transverse
plane with a probe marker directed towards the
patient’s right side to further examine the kidney.
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The depth should be adjusted to ensure that the
kidneys are centered on the screen. The gain is
adjusted to ensure that the renal calyx appears
anechoic (black).

The kidney is divided into outer cortex with
outer rim of tissue and columns of cortical tissue
(hyperechoic) descending in between the medul-
lary pyramids (anechoic). The apex of medullary
pyramids projects into cup-shaped structures
known as calyx which can be enlarged and
dilated to a variable degree in patients with
hydronephrosis or more accurately known as
urinary tract dilation (UTD) [40]. The measure-
ment of renal pelvis diameter, calyceal dilation,
and the thickness and appearance of parenchyma
allows the grading of UTD into mild, moderate,
and severe. The involvement of the ureteropelvic
junction with sparing of the renal parenchyma is
classified as mild UTD, dilation of medullary
pyramids with some involvement of parenchyma

RT Kidney

Fig. 23 (a): Normal kidney; (b): mild urinary tract dila-
tion (UTD); (¢): moderate UTD; (d): severe UTD. (Images
courtesy of Dr. Michael McWay and the Children’s

is classified as moderate UTD, while severe dila-
tion of the medullary pyramids with almost total
obliteration of the cortical tissue is severe UTD
[40] (Fig. 23). UTD can be distinguished from
renal vasculature with the use of color doppler,
which would demonstrate no flow over areas of
UTD.

UTD can be seen with or without obstructive
pathology of the urinary tract and is helpful in
acute care settings to delineate pathology in
patients presenting with oliguria/anuria and/or
flank pain. A few examples of its clinical utility
are described here:

1. UTD in an infant with oliguria/anuria, ele-
vated creatinine, and blood urea nitrogen
(BUN) with or without growth abnormalities
should trigger a comprehensive radiological
evaluation for congenital anomalies of the
kidney and urinary tract (CAUKT).

Hospital of Philadelphia Pediatric Emergency Medicine
point-of-care ultrasound image library)
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2. UTD in a patient with anuria and a dilated uri-
nary bladder may indicate lower urinary tract
obstruction and requires bladder decompres-
sion with further interrogation for the causes
of obstruction.

3. UTD in a patient with a neurogenic bladder
and a previously normal RBUS indicates the
need for more frequent bladder catheteriza-
tions to avoid urinary retention. Pre- and post-
void bladder volume estimation can
demonstrate incomplete bladder emptying.

4. UTD in a neonate/infant with a large urinary
bladder should trigger consideration for a pos-
terior urethral valve [41].

Pediatric clinicians assessing patients with
renal colic may identify renal abnormalities,
including hydronephrosis, by using ultrasound
thereby avoiding the need for diagnostic CT and
its accompanying radiation exposure [42]. The
consideration of other urinary tract pathologies
requires a comprehensive radiological examina-
tion. However, in the hands of a skilled sonogra-
pher, ultrasound can be utilized for the diagnosis
of kidney stones, pyonephrosis, renal or bladder
tumors, congestive nephropathy, and renal hyper-
trophy or atrophy.

Numerous studies have evaluated the feasibil-
ity and the diagnostic performance of RBUS by
bedside clinicians for the evaluation of oliguria/
anuria and/or flank pain. In New Zealand, 28
rural physicians practicing in environments with
limited imaging resources learned RBUS tech-
niques to triage and expedite care. Physician-
performed ultrasounds had >90% sensitivity and
specificity for the diagnosis of hydronephrosis
and 100% accuracy for bladder distension further
supporting ease of use and clinical relevance
[43]. In a study performed in an urban pediatric
emergency department, the accuracy of RBUS in
diagnosing hydronephrosis was evaluated. In 433
visits for urinary tract infections, the sensitivity
and specificity for the diagnosis of hydronephro-
sis were 76.5% (95% confidence interval: 58.1—
94.6%) and 97.2% (95.2-99.2%), respectively
[44].

Bladder Ultrasound

The urinary bladder is a fluid-filled structure
amenable to ultrasound interrogation. The learn-
ing curve is rapid and utilized by physicians as
well as nurses [45]. Similar to renal ultrasound, a
low-frequency, curvilinear, or phased array probe
is preferred. However, the bladder is usually
superficial and amenable to examination with a
high frequency, linear probe. The probe is placed
in the suprapubic area, in a transverse plane, with
the probe marker oriented towards the patient’s
right. It is then rotated 90 degrees into a longitu-
dinal plane with a probe marker oriented crani-
ally. The probe is fanned/tilted anterior-posterior
and side to side, respectively to image the blad-
der. Posterior acoustic enhancement through the
bladder impedes visualization of free fluid behind
the bladder and should be corrected by reducing
the far field gain. The depth is adjusted to ensure
that the bladder is centered on the screen. The
bladder volume is calculated by measuring blad-
der length and width in the transverse plane and
height in the longitudinal plane. One formula
commonly used for the assessment of bladder
volume in pediatric patients is
length x width x height x 0.53 (correction factor
for the shape of a pediatric bladder) [46]. Many
ultrasound machines allow automated bladder
volume estimation.

Bladder evaluation is useful in acute care set-
tings in multiple ways. Simple qualitative eye-
balling can reveal important clinical information.
For example, bladder ultrasound performed
prior to suprapubic aspiration and bladder cath-
eterization improves the success of both proce-
dures in the pediatric emergency department
[47, 48]. Manually performed ultrasound mea-
surements also allow a more accurate assess-
ment of bladder volume compared to automated
bladder ultrasound devices [49]. Urinary cathe-
ters can be visualized within the bladder using
ultrasound (Fig. 24). When a urinary catheter is
in place, but the bladder is distended with fluid,
either the catheter is obstructed or malposi-
tioned. The presence of free fluid around the
bladder in a patient with blunt abdominal trauma
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Fig. 24 Urinary catheter balloon visualized in the
bladder

suggests intraperitoneal bleeding and need for
further action. In a tachycardiac, critically ill,
intubated child with oliguria/anuria, a paucity of
volume in the bladder suggests intravascular
volume depletion whereas a phenotypically
similar child with a distended bladder may be
tachycardic from the discomfort of medication-
induced urinary retention, relieved by the place-
ment of a urinary catheter. A distended bladder
due to obstruction may also result in hydrone-
phrosis which can be visualized and graded
using ultrasound as described in the previous
section [40].

Conclusion

Numerous abdominal ultrasound applications
are relevant to assessing pathophysiological pro-
cesses and guiding diagnostics relevant to chil-
dren. As with all POCUS applications, the
benefit of the technology depends on the context
of its use. First, defining abdominal ultrasound
applications relevant to practice depends on
patient populations and frequency of clinical
presentations. Second, the technology requires
provider skill development to a competency
threshold, a topic discussed in later chapters.
Finally, the need for this skill development
within identified abdominal applications may
differ based on access to local radiology special-
ists. Providers in low-resourced settings may
seek to learn more diagnostic applications than
those with 24-h/7 days per week radiology ser-
vices. Understanding the scope of abdominal
ultrasound applications may be less important
than understanding the needs of patients within
each of our practice environments.

Appendix: Intestinal Ultrasound
Findings in Bowel Injury or
Ischemia
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Introduction

The recent incorporation of point of care ultra-
sound (POCUS) into clinical practice by neona-
tal and pediatric critical care providers has, in
many ways, begun to transform the field. This
bedside performance and interpretation of scans
to achieve specific procedural goals or to answer
focused diagnostic questions are now powerful
adjuncts to common clinical assessments arising
in pediatric acute care environments including
the neonatal (NICU) or pediatric intensive care
unit (PICU). To date, POCUS in these settings
has largely focused on the attainment of vascular
access, lung and abdominal ultrasound, and
goal-directed cardiac POCUS for the child in
shock [1].

Pediatric acute care providers have not rou-
tinely employed neurosonography as a POCUS
application. Comprehensive brain ultrasound
studies performed by registered technologists can
provide a full assessment of the structural and
functional status of the brain and cerebrovascula-
ture [2]. However, critically ill children at risk of
or with known or suspected neurologic issues
often experience clinical deterioration rapidly
and repeatedly from diverse causes. Assessment
or frequent re-assessment with formal ultrasound
in these situations may not be feasible. Focused
neurosonography by the bedside clinician may
provide information that impacts clinical deci-
sion making [3-5].

In 1982, Rune Aaslid and colleagues used
low-frequency ultrasound waves to measure
cerebral blood flow velocities (CBFVs) in the
major cerebral arteries [6]. This procedure is now
known as Transcranial Doppler ultrasonography
(TCD). In pediatric practice, the use of TCD is

well-established in children with sickle cell ane-
mia. In this clinical situation, TCD has been used
to identify children with cerebral vasculopathy
and reduce stroke risk through the initiation of
chronic transfusion therapy [7, 8]. As TCD is
noninvasive, portable, inexpensive, and able to
give repeated real-time assessments, it may also
be an ideal point of care tool to evaluate cerebral
circulation in children with critical illness. Its use
as a prognostic, diagnostic, and neuromonitoring
tool has been reported in 93% (n = 27/29) of sur-
veyed hospitals that provide pediatric neurocriti-
cal care services [9]. Seventy-four percent of
these centers reported that TCD studies were per-
formed by a vascular sonographer. Therefore,
more than a quarter of responding institutions
have practicing clinicians (radiologists, neurolo-
gists, neurosurgeons, anesthesiologists, or inten-
sivists) performing TCD, potentially as a point of
care tool in some situations. Outside of TCD,
clinical providers also use standard portable
ultrasound machines for neurosonographic
POCUS applications including measurement of
the optic nerve sheath diameter (ONSD) in chil-
dren and to evaluate the brain parenchyma in
neonates with open fontanelles [5, 10, 11].

Transcranial Doppler Ultrasound
Basic Principles and Techniques

Two general types of TCD equipment are cur-
rently available: non-duplex (non-imaging) and
duplex (imaging) devices [2, 12]. In the non-
imaging technique, specific vessel identification
is “blind” but assumptions are made based on the
cranial window used, orientation of the probe,
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depth of sample volume, direction of blood flow
identified, the spectral display, and the character-
istic sound of each vessel (Fig. 1) [6]. Imaging
TCD combines pulsed wave doppler ultrasound
with a cross-sectional view of the area being
evaluated, which allows the identification of the
arteries in relation to various anatomic locations
[13, 14]. An advantage of imaging TCD includes
an ability to identify structural perturbations,
including the presence of masses and/or midline
shift. The equipment used to perform imaging
TCD is likely more readily available to the ICU
provider as portable ultrasounds that are com-
monly available and used in critical care for other
POCUS applications are now being equipped
with imaging TCD capabilities. Imaging TCD
therefore has the potential to become the pre-

a Anterior cerebral a

Internal
carotid a

Posterior /

cerebral a

dominant form of TCD in critical care. However,
to date, the literature describing the use of TCD
in the PICU has generally been done using non-
imaging TCD devices. Thus, the focus of this
chapter will be on this approach.

The non-imaging TCD examination is per-
formed using a low-frequency (2 MHz) ultra-
sound probe. This probe is capable of penetrating
thin regions of the skull termed acoustic win-
dows. In general, four main acoustic windows
have been described (Fig. 2). The transtemporal
window can be used to evaluate the anterior cir-
culation (including the middle cerebral artery
(MCA), anterior cerebral artery, posterior cere-
bral artery, and intracranial portion of the internal
carotid artery) [14—16]. The transorbital window
evaluates the ophthalmic vessels and the carotid

Middle cerebral

artery
/

Basilar artery

Fig. 1 Representative waveforms and schematic of the major cerebral arteries. (a) Anterior cerebral artery, (b) poste-
rior cerebral artery, (¢) middle cerebral artery, (d) basilar artery

Fig.2 The acoustic windows allowing for TCD insonation. (a) Transtemporal, (b) transorbital, (¢) submandibular, and
(d) suboccipital/transforaminal
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siphon. The submandibular window evaluates the
extracranial carotid arteries (Ex-ICA), and the
suboccipital/transforaminal window is used to
assess the posterior circulation (the vertebrobasi-
lar system). A focused POCUS examination in a
critical care setting will largely evaluate the
MCAs, the Ex-ICA, and possibly the vertebral
artery (VA)/basilar artery (BA) depending on the
clinical question being evaluated. MCA flow will
be towards the probe at depths of 50-60 mm
(midline) to 30-35 mm (end of vessel) in adoles-
cents and at shallower depths in younger children
[17]. Ex-ICA flow will be away from the probe at
depths of 3540 mm. VA and BA flow will be
away from the probe beginning at depths around
50 mm for the VA that transitions to BA flow at
approximately 65 mm through 80 mm for adoles-
cents. Again, these vessels are commonly identi-
fied at decreased depths in younger children.

Measurements should be taken every 2 mm
along the length of the vessel to identify any focal
pathology [16]. Cerebral blood flow increases
through early childhood and peaks around age
6 years and declines to adult levels by adoles-
cence. Thus, when interpreting any TCD exami-
nation in a pediatric patient, it is necessary to
compare values to published normative values for
age [18]. Measured CBFVs greater than or less
than 2 standard deviations (SD) from the age
published normal should be considered abnormal
[16]. However, multiple physiologic parameters
can affect measured CBFVs and these must be
taken into account when interpreting any TCD
examination in the ICU given the common occur-
rence of deranged systemic physiology in this
patient population (Table 1) [17]. Furthermore,
the interpreter should realize that sedative medi-
cations commonly used in the intensive care unit
may be associated with reduced CBFV even in
the absence of cerebral pathology [17]. Without
careful consideration of these factors, the clini-
cian performing a POCUS examination at the
bedside could inappropriately interpret the find-
ings on TCD.

Basic Principles and Techniques

for Imaging Duplex TCD

The foundations and skillset required for suc-
cessfully obtaining TCD using non-imaging and
imaging TCD are similar. The same cranial win-
dows are insonated and the bedside provider
should identify the waveform similarly with the
aid of characteristic acoustic sounds. However,
with imaging TCD one can visualize brain anat-
omy to help identify the desired individual ves-
sels. When performing imaging TCD in the
transtemporal window, the provider aims to iden-
tify the mesencephalon. The mesencephalon is
identified as a low-echo butterfly-shaped struc-
ture surrounded by high echo borders represent-
ing the basal systems [19]. From this location,
with the use of color, the individual vessels of the
circle of Willis will be visible and the examiner
may then evaluate the waveform of the vessel of
interest (Fig. 3). An additional application that is
available on duplex TCD that is not available on
non-imaging TCD is the detection of midline
shift.

Standardized approaches to scanning proto-
cols, interpretation, and documentation of TCD
examinations in the PICU have been recom-
mended for formal examinations [16].
Standardization is necessary to ensure that high-
quality TCD images are captured, interpreted,
and reported using consistent nomenclature.
Similar established recommendations for TCD
performed as a point of care examination are
lacking. Providers using TCD at the bedside
should be familiar with these recommendations
and consider the incorporation of relevant aspects
into their practice.

Clinical Applications

It is important to remember that POCUS by a cli-
nician at the bedside in the ICU is different than a
complete diagnostic study by a trained practitio-
ner. POCUS involves a focused assessment to
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Fig.3 Mesencephalon
seen on duplex TCD

Mesencephalon

answer specific questions. It is more dynamic with
a clinical provider performing and rapidly inter-
preting studies, integrating information into the
clinical setting they are facing, and then repeating
the study to identify changes associated with any
attempted interventions. Neurosonography being
used as a point of care tool is not different.
Therefore, the following discussion is not compre-
hensive to all potential applications for TCD in the
acute care setting but rather is focused on likely
uses by a practitioner at the bedside. Additionally,
there is a paucity of clear supportive data for clini-
cal scenarios where TCD would have a definitive
diagnostic or therapeutic benefit in the manage-
ment of a critically ill child. Thus, the recommen-
dations made here are largely based on the opinions
of the authors.

Possible uses of POCUS TCD in the ICU are
found in Table 2. There are additional reports of
PICU practitioners using TCD in other clinical
scenarios including the evaluation of hepatic
encephalopathy, cerebral venous infarction,
hydrocephalus, sepsis, and diabetic ketoacidosis
that are not covered here [20, 21].

213

Traumatic Brain Injury: Prognosis

TCD may predict which patients are at risk of
poor neurologic outcome following trauma [22—
25]. Trabold et al. used TCD to evaluate CBFVs
in the emergency room in 36 children with mod-
erate to severe TBI. Multivariate and receiver
operating characteristic (ROC) analyses revealed
that MCA end-diastolic flow velocity (Vd)
<25 cm/s and pulsatility index (PI) > 1.31 were
associated with poor prognosis [26]. In another
pediatric study, 69 infants and children with
moderate to severe brain injury were enrolled and
underwent daily TCD examination [27]. MCA
flow velocities <2 SD from age-based normative
values were identified in 6% of patients, all of
whom had a poor 12-month neurologic outcome.
In summary, the data is limited but suggests that
children with decreased CBFV following trauma
may be at increased risk of poor outcome. Once
this association and specific cut-off values are
further established with high-quality research,
identification of high-risk children with POCUS
may be possible. Future work may then deter-
mine if the use of volume or vasopressors to aug-
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Table 2 The role of transcranial Doppler in various clini-
cal scenarios

Potential role of TCD
Evaluate cerebrovascular
hemodynamics for:
Prognostication
Detection of altered CBFV
suggestive of perfusion
disorders (oligemia or
hyperemia) which may
guide BP or CPP
management
Identifying increased
intracranial pressure
Effect of hyperventilation
Screening for vasospasm

Clinical scenario

Traumatic brain injury

Hypoxic-ischemic Evaluate cerebrovascular

encephalopathy hemodynamics for:
Prognostication
Detection of altered CBFV
suggestive of perfusion
disorders (oligemia or
hyperemia) which may
guide BP or CPP
Cardiorespiratory Evaluate cerebrovascular
support with hemodynamics for:
extracorporeal Changes concerning
membrane hemorrhage or ischemia
oxygenation Emboli monitoring
Subarachnoid Screening for vasospasm
hemorrhage
Arterial ischemic Evaluate cerebrovascular
stroke hemodynamics for:

Progression or regression
of steno-occlusive disease

Evaluate cerebrovascular

hemodynamics for:
Detection of abnormal
CBFV suggestive of
perfusion disorders
(oligemia or hyperemia)
which may guide BP or
CPP management

Bacterial meningitis

Other/Multiple Evaluate changes from
previous exam that would
lead to formal head imaging
Evaluate for flow patterns
concerning cerebral
circulatory arrest

Evaluate for midline shift

TCD transcranial Doppler, CBFV cerebral blood flow
velocity, BP blood pressure, CPP cerebral perfusion
pressure

ment cerebral perfusion pressure and CBFV
could decrease secondary ischemic injury.
Additionally, identification of this pattern by a
practitioner on a POCUS examination may limit

the desire to perform even mild hyperventilation
that would further reduce cerebral blood flow and
potentially worsen the outcome.

Traumatic Brain Injury: Noninvasive
Assessment of Intracranial Pressure

(ICP)

The most recent guidelines for the management of
severe traumatic brain injury (TBI) in children give
a level III recommendation to ICP measurement
[28]. Conventionally, this requires placement of an
invasive monitor, with risks of infection, hemor-
rhage, malfunction, or malposition. TCD has been
explored as a noninvasive method to assess ICP
and to determine which individual’s risk-to-benefit
ratio favors placement of a monitor. An increase in
ICP leads to a more rapid reduction in flow velocity
in the diastolic phase than in the systolic phase.
This results in a pronounced difference between
peak systole and the end of diastole. The pulsatility
index (PI) is a value that is calculated by the TCD
software according to the following equation:
(Vs — Vd)/Vm) [29]. Therefore, as ICP rises, there
is theoretically a progressive reduction in the mea-
sured Vd and an increase in PI [30-33].

Figaji et al. performed 291 TCD recordings on
34 children with severe TBI and an invasive ICP
monitor and found that ICP > 20 mmHg could be
detected with only 25% sensitivity and 80% nega-
tive predictive value using a PI cut-off of 1.0 (TCD
was performed on a median of post-injury day 3).
A slightly higher PI value did not improve sensitiv-
ity [34]. On the other hand, Melo et al. evaluated
117 severely head-injured children on admission.
An initial abnormal TCD (evidence of reversal of
flow, no flow, Vd <25 cm/s or PI >1.31) had a 94%
sensitivity for predicting ICP >20 mmHg [35].
O’Brien et al. reported that in 36 children with
severe TBI undergoing 148 TCD examinations, a
PI >1.3 on post-injury day 0—1 had a 100% sensi-
tivity and 82% specificity in predicting an ICP
>20 mmHg [36]. During this time frame, a moder-
ately strong relationship was observed between the
MCA Pl and actual ICP (r=0.611, p=0.01). When
using a threshold of <25 cm/s, post-injury day 0-1
Vd had a 56% sensitivity to predict an ICP
>20 mmHg. Beyond the initial 24 h from injury,
the sensitivity of PI >1.3 to detect an ICP
>20 mmHg fell to 47%, and a weak relationship
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between actual ICP values and PI (r = 0.376,
p=0.01) and Vd (r = —0.284, p = 0.01) was found.

Based on the limited literature, identification
of MCA PI >1.3 on the early point of care TCD
(within 24 h of injury) may suggest intracranial
hypertension. However, this literature is limited
by single-center studies with small sample sizes.
Additional investigation is needed to further clar-
ify specific associations of TCD values with ICP
data, and at this point in time, TCD cannot be
recommended as a replacement for the use of an
invasive ICP monitor.

Traumatic Brain Injury: Noninvasive
Assessment of Cerebral Perfusion
Pressure (CPP)

In the setting of severe TBI, the bedside clinician
aims to maintain an appropriate cerebral perfu-
sion pressure [CPP = mean arterial pressure
(MAP) — ICP]. Investigators have begun to inves-
tigate whether TCD can be used to noninvasively
estimate CPP. There are several formulas sug-
gested to calculate the estimated CPP (CPPe). The
formula most frequently cited in the literature was
published by Czosnykaet al.: CPPe =[MAP x (Vd/
Vmean) PLUS_SPI 14] [22]. Using continuous
TCD, invasive monitoring of arterial blood pres-
sure, and mathematical calculations in adults with
head injury, the correlation between CPP and
CPPe was 0.73, with an average absolute error of
6.5 mmHg. In one small study of 23 children with
severe TBI, the authors attempted a simplified
approach using one-time measurements of ICP/
CPP and TCD data to calculate a CPPe based on
the Czosnyka et al. formula [37]. Bland-Altman
analysis showed an average discrepancy of
3.7 mmHg but revealed limits of agreement of
—17 to PLUS_SPI 25 mmHg. These wide limits
of agreement limit the use of a single POCUS
TCD to estimate CPPe. There have been several
small studies using similar mathematical formu-
las, complex modeling, and continuous TCD
examination to estimate CPP successfully [38,
39]. However, given the complexities inherent in
these models, point of care integration of TCD for
estimation of CPP cannot easily or reliably be
used in children with TBI at this time.

Screening for Vasospasm in Children
Cerebral vasospasm can lead to critical reduc-
tions in cerebral blood flow, delayed cerebral
ischemia, and increased morbidity and mortality.
Adult criteria for the diagnosis of vasospasm
were initially developed by correlating TCD flow
velocities to the degree of vasospasm on conven-
tional angiography [40]. Current vasospasm cri-
teria in adults include: MCA mean flow
velocity > 120 cm/s with Lindegaard Ratio (LR:
MCA Vm/External-ICA Vm) > 3 (anterior circu-
lation vasospasm) and basilar artery mean flow
velocity > 90 cm/s (suggestive of posterior circu-
lation vasospasm) [41-44].

In children, there are no angiographically vali-
dated TCD-based criteria to define the presence or
absence of vasospasm. Adult-based criteria cannot
be extrapolated to children since baseline flow
velocities in children are elevated compared to
adults and their use would grossly overestimate the
true incidence of vasospasm in children. Thus,
recent consensus guidelines for the use of TCD to
evaluate for cerebral vasospasm in the PICU state:
“Using specific cut-offs for diagnosing, grading, or
determining the clinical significance of vasospasm
in the MCAs cannot be recommended. However,
following CBFVs and LR values over time may
have clinical utility to determine trends in vascular
diameter” [16]. In clinical practice, the authors per-
form POCUS TCD in children at risk for cerebral
vasospasm [TBI, subarachnoid hemorrhage
(SAH)], if CBFVs are >2SD above age-based nor-
mative values and the LR is >3—4. If new neurologic
deficits are present on clinical examination, confir-
mation with an additional imaging modality may be
considered (MRI, CT, angiogram). Once confirmed,
TCD may be utilized at the bedside to follow trends
and response to interventions [45-48].

Hypoxic-Ischemic Encephalopathy:
Prognosis and Detection of Perfusion
Disorders

There is very limited literature reporting the use
of TCD in children with hypoxic-ischemic injury
(HIE). Lovett et al. performed serial TCDs on 26
children with HIE [49]. Extreme flow velocity
alterations (defined as either less than or greater
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than 2SD from age-based normative values)
within 48 h of injury were associated with poor
neurologic outcome. No patient in the favorable
outcome group had extreme CBFV alterations on
day 1 whereas 38% of patients in the unfavorable
group had extreme CBFV alterations on day 1
(»p = 0.03). Children with favorable outcomes
also had more periods of intact cerebral autoregu-
lation evaluated by TCD compared to those with
unfavorable outcome. Current paradigms in the
management of HIE increasingly focus on
improving neurologic resuscitation by meticu-
lously targeting blood pressure optimizing vaso-
reactivity [50]. In the future, bedside TCD may
serve as a tool to continuously determine optimal
cerebral perfusion pressure in these children.

Cardiorespiratory Support

with Extracorporeal Membrane
Oxygenation: Changes Concerning
Hemorrhage or Ischemia and Emboli
Monitoring

Extracorporeal membrane oxygenation (ECMO) is
an important strategy in the treatment of children
with severe cardiorespiratory failure refractory to
conventional management. Cerebral ischemia and
intracranial hemorrhage remain prevalent compli-
cations of pediatric ECMO and result in an
increased risk of mortality [51]. However, monitor-
ing the development of these complications is dif-
ficult. Three studies have reported on the utility of
TCD performed at the bedside to assist with this
[51-53]. Across all studies, CBFVs during ECMO
were significantly lower than published values for
age-matched healthy and critically ill children.
Regional asymmetries in CBFVs and increased
pulsatility index were markers for ischemic injury
in all studies. Only one study included a significant
number of children suffering intracranial hemor-
rhage. Patients who developed clinically evident
cerebral hemorrhage had higher Vs, Vd, and Vm
than age normative values: 123% =+ 8% predicted,
130% + 18% predicted, and 127% = 9% predicted.
These alterations were noted 2—6 days before the
clinical recognition of hemorrhage [51].
Microemboli due to thrombosis within the circuit
or cannula can lead to ischemic stroke in ECMO
patients and can be monitored in real time with
TCD [54]. To date, no study has evaluated the fre-
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quency or significance of embolic signals in chil-
dren on ECMO. In summary, POCUS with TCD
may be considered by clinicians taking care of chil-
dren on ECMO as a regular screening tool for acute
neurologic complications as well as for rapid eval-
uation in the setting of neurologic deterioration.
Identified TCD abnormalities could prompt neuro-
imaging if patients are stable for transport to the
radiology suite.

Arterial Ischemic Stroke: Progression

or Regression of Steno-Occlusive

Disease

Arterial ischemic stroke associated with cerebral
vasculitis, arteriopathy, and/or prothrombotic
disorders is an important cause of morbidity and
mortality in children [55-60]. TCD can play a
pivotal role as an adjunct tool in the acute man-
agement of children with ischemic stroke associ-
ated with these conditions. On admission to the
ICU, baseline TCD data may be procured and
then flow velocities can be followed in real time
for either improving perfusion or progressive ste-
nosis/occlusion with worsening perfusion [20].
The clinician may then determine, based on these
different flow profiles, to alter blood pressure,
ventilation, fluid management, and head of bed
positioning accordingly. However, supportive
data for these approaches to care remain limited.

Bacterial Meningitis: Detection

of Perfusion Disorders (Oligemia or
Hyperemia)

Bacterial meningitis (BM) results in significant
morbidity and mortality worldwide. Poor out-
comes occur in approximately half of the children
and are largely attributable to intracranial compli-
cations. Ischemic stroke is one such event occur-
ring in 20-25% of patients with BM. The
predominant pathological change to the neurovas-
culature on angiogram in these patients is cerebral
arterial narrowing [61-63]. While the underlying
etiology for this narrowing is still not completely
understood, vasculitis, vasospasm, intra-arterial
thrombosis, and external compression of vessels
by purulent material in the subarachnoid space
have all been implicated. The early identification
of poor or deteriorating cerebral hemodynamics
secondary to vascular narrowing in patients with
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BM may create a therapeutic window in which
measures to increase cerebral perfusion pressure
(CPP) are undertaken. When CPP-targeted treat-
ment using an invasive ICP monitor was provided
indiscriminately to a group of children with CNS
infection in India, those with BM had a 90-day
mortality reduction from 41 to 10% (p < 0.01)
[64]. However, the empiric augmentation of CPP
requires significant resources, is likely not neces-
sary for some patients, and may be dangerous to
others. Thus, identifying patients with compro-
mised cerebral hemodynamics due to vascular nar-
rowing that are most likely to benefit from such
therapy may be beneficial.

Ducharme et al. reported TCD findings in a
cohort of children with mixed etiologies of CNS
infection [65]. Ten children with BM had TCD
performed in the acute phase of illness. Two chil-

dren with BM had a normal TCD (compared to
age-based normative value), 7 had increased
CBFV, and 1 had low CBFV. Across the entire
cohort, the presence of hypoperfusion in at least
one vessel due to vasospasm (defined as Vm
>120 cm/s with LR >3 or absolute Vm >200 cm/s)
or low flow (<1SD from age normal) was associ-
ated with acquired ICU morbidity (p = 0.04) and
death (p = 0.03). In 47 African children with bacte-
rial meningitis, admission of TCD was normal in
10 (21%) [66]. High flow with a normal pulsatility
index (PI) was seen in 20 (43%) and high flow
with a low PI was identified in 7 (15%). Ten (21%)
had low flow. All children with a normal TCD had
a good outcome. Patients with a high-risk TCD
flow pattern (high flow/low PI or low flow) were
more likely to have a poor outcome (82% vs 38%,
p =0.001) (Fig. 4). These findings taken together
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suggest that point of care TCD may be a useful
tool to identify children with compromised cere-
bral perfusion in the setting of bacterial meningitis
and serve to monitor response to therapy.

Cerebral Circulatory Arrest

TCD findings compatible with a clinical diagnosis
of brain death evolve through phases (reduced dia-
stolic flow > oscillatory flow > systolic spikes or
no signal) in adults [3, 13, 67]. Similar patterns
have been identified in children (Fig. 5). However,
TCD has important limitations in the determina-
tion of brain death in infants and children, and
therefore cannot be used as a confirmatory test at
this time. Both false positives and false negatives
are of significant concern in newborns and infants
with open fontanelles up to age 12 months.
Normative diastolic flow in newborns is
12 + 7 cm/s, which to an inexperienced operator
can look very similar to absent diastolic flow/
oscillatory flow and could potentially lead to an
inappropriate diagnosis of cerebral circulatory
arrest. The elastic skull and open fontanelle in this
age group oppose rising ICP that usually results in
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cerebral circulatory arrest, and persistence of cere-
bral blood flow despite the infant meeting clinical
diagnosis of brain death has also occurred [68]. In
older children, the presence of congenital heart
disease with cardiac shunts or aortic insufficiency
can also limit the usefulness of TCD to aid in the
confirmation of brain death as diastolic flow can
appear absent in these clinical scenarios [69]. It
remains unclear if TCD can be used as an ancillary
test for the diagnosis of cerebral circulatory arrest
in children older than age 1 year without congeni-
tal heart disease. In clinical practice, the authors
have used TCD as a point of care tool to determine
when to pursue perfusion studies when ancillary
testing was necessary. If TCD reveals the presence
of cerebral flow without clear evidence of an oscil-
latory pattern or systolic spikes, it may be reason-
able to delay transporting critically ill children to
the radiology suite until this pattern develops.

Midline Shift

The detection of midline shift (MLS) is an appli-
cation of imaging (duplex) TCD which cannot be
performed on non-imaging TCD machines. The
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detection of midline shift is of interest to a
POCUS provider at the bedside because of the
potential implications of reducing time to a life-
saving intervention and neuroprotective thera-
pies. To calculate midline shift, one must first
identify the third ventricle on ultrasound using
the transtemporal window. This appears as a
hyperechogenic image over the midbrain [70].
Once identified, the distance between the exter-
nal bone table (duraplasty may be used as a bone
surrogate in the setting of decompressive hemi-
craniectomy) and the center of the third ventricle
can be measured bilaterally. The difference
between the bilateral measurements, divided by 2
gives the measure of MLS. Therefore,
MLS = (B — A)/2, where B is the measurement
on the right side, and A is the measurement on the
left side [71]. A positive or negative number will
then denote whether the mass effect is present on
the right or the left. When defining a significant
MLS as >0.5 cm, this method had a correlation
coefficient of 0.58-0.65 compared to CT scan in
a study of 52 adults with varying neurosurgical
conditions (~60% with severe TBI) [70].
However, when using 0.35 cm for the detection
of MLS, the sensitivity was 84.2%, specificity
was 84%, and the positive likelihood ratio was
5.56. Similarly, in 41 adults with TBI, the corre-
lation coefficient between MLS measured by CT
scan and imaging TCD was 0.88 [71]. This is a
potentially useful application of imaging-based
TCD but has yet to be described in children and
research is needed before the authors can recom-
mend making clinical decisions based on this
aspect of POCUS.

Limitations of TCD as a POCUS Tool

Potential barriers to the adoption of TCD in pedi-
atric critical care are twofold: equipment and per-
sonnel. Non-imaging TCD is only available on
devices intended for this purpose and is often not
available to the clinician. Imaging TCD is easily
accessible on commonly available ultrasound
machines but this technique requires familiarity

with not only TCD waveform interpretation, but
also knowledge and recognition of the appropri-
ate structures on ultrasound imaging. There is
also no credentialing path for clinicians to per-
form POCUS TCD. Until these are developed,
learners are encouraged to seek out opportunities
to participate in proctored practical hands-on ses-
sions with knowledgeable providers to gain the
substantial technical and analytical skills that are
unique to TCD compared to other POCUS stud-
ies. Lastly, there is a paucity of strong evidence
surrounding when and how to use TCD in criti-
cally ill children limiting its utility at this time.

Ocular Ultrasonography
Basic Principles and Technique

Ocular ultrasonography is an emerging applica-
tion of POCUS. The optic nerve sheath is continu-
ous with the meninges and directly communicates
with the subarachnoid space. Therefore, measure-
ment of the optic nerve sheath diameter (ONSD)
may provide additional insight into intracranial
pathology. To measure the ONSD, a high-
frequency linear transducer on a portable ultra-
sound machine (using preset ophthalmic settings)
can be placed on a closed eyelid. The globe
appears anechoic and in the axial plane the optic
nerve can be visualized posterior to the globe [72,
73]. An image of the optic nerve can be saved and
electronic calipers are then used to measure 3 mm
posterior to the retina along the course of the optic
nerve. Digital cursors are then used to measure
the optic nerve sheath diameter at that location,
defined as the distance between the outer hyper-
echogenic borders of the subarachnoid space
(Fig. 6) [72]. To minimize intra-observer variabil-
ity, each measurement should be performed three
times and the mean value derived [74]. It is impor-
tant to note that this procedure should not be per-
formed if the patient has experienced bilateral
ocular trauma/fracture. If unilateral injury has
occurred, measurements can be performed on the
uninjured side.



220

Fig. 6 Identification and measurement of the optic nerve
sheath diameter on ocular ultrasonography. (A) represents
3 mm posterior to the retina and (B) represents measure-
ment of the optic nerve sheath diameter

Clinical Applications: Optic Nerve

Sheath Diameter to Investigate ICP

As intracranial pressure rises, this increases the
amount of cerebral spinal fluid (CSF) around the
optic nerve, resulting in dilation of the optic
nerve sheath. POCUS evaluation of ONSD has
been studied as a method to identify increased
ICP. Using a cut-off of 5 mm, ONSD had a >
85% sensitivity in detecting increased ICP in a
meta-analysis of adult patients [75]. Data sup-
porting the use of ONSD to detect elevated ICP
in children is less clear [76]. A study by Le et al.
using ONSD to screen children at risk for ele-
vated ICP in the emergency department found
that increased ONSD had 83% sensitivity and
38% specificity for detecting increased ICP [77].
In another study of children over age 1 year, the
ONSD value with the best diagnostic accuracy
for detecting an ICP >20 mmHg was 5.75 mm,
with 85.9% sensitivity, 70.4% specificity, a posi-
tive predictive value of 77.5%, a negative predic-
tive value of 80.9%, and an area under the receiver
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operating curve (AUROC) of 0.78 [78]. In a small
study of 16 patients with 136 ONSD measure-
ments, ONSD was not significantly associated
with ICP (p = 0.51) and had AUROC of 0.52 to
determine ICP >20 mmHg [79]. Lastly, ICP/
ONSD measurements were compared in a group
of 30 children. Of the 144 observations, 106 were
obtained when ICP >20 mmHg, and 38 were
obtained when ICP <15 mmHg. The AUC for the
ONSD cut-off values reflecting an ICP
>20 mmHg was 0.976, and an ONSD value of
4.0 mm for the detection of ICP >20 mmHg had
98% sensitivity, 75% specificity, 75% positive
predictive value, and 97% negative predictive
value. When a cut-off of 4.7 mm was used, there
was 94% sensitivity, 92% specificity, 91% posi-
tive predictive value, and 95% negative predic-
tive value [80]. Often the pediatric literature is
limited by small sample sizes and heterogenous
disease states. Given the absence of a clearly vali-
dated ONSD threshold to accurately diagnose
intracranial hypertension in critically ill children,
its use in the PICU cannot be recommended. In
clinical practice, the authors often perform repeat
examinations that allow for intra-subject com-
parison in serial measurements over time.
Upward trends in this ONSD may prompt consid-
eration of additional imaging.

Clinical Application: Identification

of Retinal Trauma

When applying the same principles used in measur-
ing ONSD, it is possible to evaluate for traumatic
retinoschisis, of particular importance in children
with suspected abusive head trauma. Riggs et al.
were able to identify traumatic retinoschisis in chil-
dren as smooth, dome-shaped, elevated layers in the
posterior retina [81]. In the 11 children evaluated in
this study, findings on ultrasound corresponded
with formal ophthalmic exam. POCUS has the
opportunity to potentially identify these injuries
days before a formal dilated eye exam can occur in
a child with severe neurologic injury. However,
POCUS for the evaluation of retinoschisis should
not replace a formal eye examination performed by
an experienced ophthalmologist.
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Neonatal Cranial Ultrasound
Basic Principles and Technique

Cranial ultrasound can readily image the newborn
brain through the open fontanelles [82—84]. Using a
portable ultrasound machine and a 5-10 Hz curved
or linear array transducer, several views of the brain
parenchyma can be obtained: coronal (front to
back), sagittal (left to right), and axial (posterior
fossa). These views provide information on the gen-
eral architecture of the brain and the lateral ventri-
cles. The frequency of ultrasound transmitted may
be increased for optimal visualization of superficial
structures like subcortical white matter and venous
sinuses; this will increase resolution at the expense
of penetration. Lower ultrasonic frequency may be
used for visualization of deeper structures in the
posterior fossa. More extensive discussion regard-
ing cranial ultrasound is found in Chap. 16.

Clinical Application

The ability of cranial ultrasound to evaluate for and
grade the degree of intraventricular hemorrhage in
the hands of vascular technologists and radiologists
is well-established [82, 83]. POCUS of the cranium
is a particularly useful tool for the neonatologist to
evaluate for germinal matrix hemorrhage, post-
hemorrhagic ventricular dilation, or hydrocephalus
when an infant acutely decompensates or when
radiology support is not immediately available [82,
84, 85]. Neonatologists are quite familiar with
viewing and interpreting cranial ultrasounds that
are routinely followed on daily clinical rounds.
Portable ultrasound equipment for these evalua-
tions is also widely available. Thus, training pro-
grams focused on image acquisition skills for
neonatologist have the potential to expand the field
of point of care neurosonography in the NICU.

POCUS Neurosonography
Integration

As highlighted in this chapter, point of care
neurosonography is an emerging method of
assessing critically ill children with acute neu-

rologic illness or injury. The supportive evi-
dence for this topic is sparse, and before strong
recommendations for clinical use can be made,
the evidence base needs to evolve. However,
there is an opportunity for POCUS neuro-
sonography to transform the acute care of a
child. Imagine admitting an infant with altered
mental status and a questionable history of
trauma who is intubated. With the same ultra-
sound machine that you use to place central
venous access, one can use a high-frequency
linear probe to evaluate for traumatic retinos-
chisis, then measure ONSD and trend that
value over time as the clinical trajectory
evolves. In the transtemporal acoustic window
one could use TCD to measure CBFV in the
MCAs, measure the pulsatility index, and eval-
uate for midline shift, all potential meaningful
biomarkers that can be followed over time to
provide additional insight into cerebrovascular
hemodynamics. While the authors recognize
the limitations of the literature, providers are
encouraged to become familiar with POCUS
neurosonography, gain experience with both
image acquisition and interpretation, and use
confirmatory imaging to verify findings when
appropriate.

Conclusion

TCD is a noninvasive physiological monitor of
cerebral hemodynamics that can be performed
as a point of care examination in the PICU for
a number of applications. Optic nerve sheath
diameter evaluation using POCUS has a lim-
ited but evolving role in evaluating for intra-
cranial hypertension in pediatric patients. Point
of care cranial ultrasound performed by bed-
side providers to evaluate for intraventricular
hemorrhage or hydrocephalus in the NICU
may assist in the early identification of pathol-
ogy and allow for rapid decisions. Development
and implementation of focused point of care
neurosonography training are necessary for
both the pediatric and neonatal acute care
provider.
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Introduction

Cranial Ultrasound (CUS) is the most common
imaging modality utilized in the neonatal inten-
sive care unit (NICU) worldwide to evaluate the
neonatal brain. It is routinely used in preterm and
at-risk infants for screening purposes. The advent
of more advanced radiodiagnostics cannot over-
shadow the ease, the cost, and the safety of this
imaging modality. Besides, with more advances
in technology, modern portable ultrasound
machines provide faster processing and higher
resolution. The newer higher frequency transduc-
ers also help in visualizing both superficial as
well as deep areas of the brain.

This chapter will discuss the utility of neona-
tal CUS in evaluating different pathologies and
the basic neurosonographic anatomy with its
technical aspects.
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Technical Considerations

Ultrasound Probe Selection

for Neonatal Cranial Ultrasound

The selection of the probe is a vital aspect to
acquire high quality cranial sonographic images.
The minimum requirement for a probe includes
that transducer footprint is appropriate for the size
of the fontanelle. The ideal frequency is 8—12 MHz,
usually as a multifrequency probe and preferably a
curvilinear (curved or microconvex) probe,
although a phased array sector probe can be used.
Higher frequeny probes (such as linear probes)
provide better near-view resolution but loose opti-
mal penetration power. The frequency of the probe
may be increased (8—12 MHz) for optimal visual-
ization of superficial structures like subcortical
white matter and venous sinuses but this will be at
the expense of the penetration. Likewise, for the
deeper structures (such as brainstem and cerebel-
lum) lower frequency probes (6-8 MHz) may be
used.

Normal Neonatal Brain Anatomy
An in-depth knowledge of neonatal brain anat-
omy is mandatory before we discuss CUS along
with an overview of the relative echogenicity of
the intracranial structures. Calvarium, cerebellar
vermis, and choroid plexus are the most echo-
genic structures of the neonatal brain. The reason
for the echogenicity of these structures may be
either due to large vascular structure pulsations
or the arachnoid trabeculations [1, 2].

Choroid plexus is most prominent in the trigone
of the lateral ventricles. It extends from the trigone
to the caudothalamic notch or groove. The lateral

ventricles are at times asymmetrical, more so appre-
ciable in preterm neonates [3]. They are horse-shoe
shaped, placed around the cerebral peduncles, thal-
amus, and caudate nucleus. The lateral ventricles
are separated by the septum pellucidum.

In premature infants, the septum pellucidum
often appears as a fluid-filled space called
cavum septum pellucidum, which is usually
open at birth and closes around 3—-6 months of
age. It is also called the fifth ventricle. A deep
pocket of ependyma contains a friable blood
vessel collection called the germinal matrix
which is not usually seen in a normal preterm
neonate unless bleeding has occurred. The invo-
lution of this tissue normally is completed by
32 weeks of gestation. The appearance of the
Sylvian fissures may vary with the gestational
age [4, 5].

Cranial Ultrasound Views
Standard and supplementary windows exist dur-
ing the neonatal period which can be used to
acquire detailed images of the different intracra-
nial structures with accuracy.

For standard CUS views enabling an optimal
visualization of the supratentorial structures, the
anterior fontanelle is used as an acoustic window
where both coronal and sagittal planes can be
obtained. This allows visualization and assess-
ment of anatomical structures.

Coronal plane: To acquire images in the coro-
nal plane, the probe is placed on the anterior fonta-
nelle with the marker to the right of the patient and
sweeping from orbits to occiput (anterior to poste-
rior) obtaining views at three different levels
(Fig. 1). The areas visualized in the order from



Cranial Ultrasound

229

Fig. 1 (a) Adequately fitting linear ultrasound probe,
positioned onto the anterior fontanelle. The yellow mark
indicates the marker on the probe pointing to the right of
the patient. (b) Coronal ultrasound image using a curvilin-

anterior to posterior are the frontal cortex and fron-
tal horns of the lateral ventricles, deep nuclei and
trigone and posterior horns of the lateral ventri-
cles, and occipital cortex as shown in Fig. 2.

Sagittal plane: To acquire images in the sag-
ittal plane, the probe is placed on the anterior
fontanelle and swept from midline to either side
of the brain. Marker points to the mid-face/nose
(Fig. 3). The main areas visualized in the sagit-
tal midline are corpus callosum, cavum septum
pellucidum, third ventricle, brain stem, foramen
of Monro, and fourth ventricle (Fig. 4).

ear probe with the marker positioned in the top left corner
of the screen, this way and by convention the right side of
the brain is projected on the left side of the image

Supplementary windows: For comprehensive
CUS supplementary windows are routinely used
by the radiologists or specialists in neonatal neuro-
sonography. However, for the cranial point-of-care
ultrasound imaging is performed only through the
anterior fontanelle. For supplemental windows,
scanning is performed through the posterior fonta-
nelle to enable the detection of blood flow in the
occipital horns of the lateral ventricles, cerebellar
hemorrhage, and posterior fossa malformations.
Mastoid fontanelles can also be used for visualiza-
tion of the posterior fossa (Fig. 5).
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Fig.3 (a) Probe positioning for obtaining sagittal plane with marker directed towards the nose. (b) The anterior part of
the brain will be projected on the left of the image and the posterior part on the right
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Fig.5 (a) Probe positioned in the mastoid fontanelle showing the marker pointing upwards towards the anterior fonta-
nelle, and (b) The mastoid coronal view for visualizing the posterior fossa abnormalities

Clinical Indications

CUS is recommended for the routine screening
of all preterm neonates <32 weeks of gestational
age, for very small infants with birth weight
<1500 g, for infants with hypoxic ischemic
encephalopathy (HIE) or perinatal asphyxia, and
for all neonates with suspected congenital mal-
formations and congenital infections [6-8]. Sick
neonates with unexplained acute anemia should
be screened first with CUS to rule out intraven-
tricular hemorrhage (IVH) and cerebellar hemor-
rhage. Neonates born after a traumatic delivery
and those with a suspicion of subgaleal hemor-
rhage warrant a neurosonographic evaluation.

Other indications for cranial ultrasound in
neonates are: hypoxic ischemic meningitis, neo-
natal seizures to rule out congenital malforma-
tions and hydrocephalus to monitor ventricular
dilatation over time.

Cranial Ultrasonography in Brain
Pathologies

Intraventricular Hemorrhage
The majority of intracranial hemorrhages in pre-
term infants are in the germinal matrix [6]. This

matrix is specific to mammals and embryologi-
cally appears along the lateral ventricular mar-
gins [7]. It is deeply vascularized and highly
metabolically active due to the abundance of pro-
liferating  neuroectodermal cells. Beyond
32 weeks of gestation, these cells migrate into the
cerebral cortex followed by the disappearance of
the germinal matrix. The vascular bed of the ger-
minal matrix is extremely fragile containing ves-
sels with a single layer of endothelial cells
resembling capillaries and the paucity of support-
ing stroma makes them vulnerable to rupture dur-
ing periods of hemodynamic instability,
respiratory failure, and stress [8].

The presence of severe hemorrhage may indi-
cate trans-ependymal rupture, parenchymal
extension, or obliterative arachnoiditis may
occur. Along with physiological factors, mechan-
ical factors like stasis, compression or tearing of
the fragile capillaries also play a role in the
pathogenesis of germinal matrix hemorrhage [9,
10]. Disease processes like hypernatremia, dis-
seminated intravascular coagulation, or excessive
fibrinolytic activity are the commonly known
triggers. But the base for the initiation of the ger-
minal matrix hemorrhage (GMH) includes pre-
maturity, metabolically active and fragile
subependymal cells, poor autoregulation,
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increased blood supply, increased cerebral
venous pressure and endothelial damage.

The most commonly used IVH classifications
by Volpe and Papille have been described in
Tables 1 and 2, respectively. The Papille’s classi-
fication is currently the most widely used grading
system for IVH. With grade 1 and grade 2 IVH,
good neurodevelopmental outcome are expected
with only a 5% risk of ventricular dilatation.
Conversely, grade 3 IVH carries 10-20% mortal-
ity and 30-40% risk of cognitive and motor delay.
The risk of ventricular dilatation is high at
20-55% in presence of grade 3 IVH and risk is
even higher at 80% for grade 4 IVH. Almost all
infants with periventricular infarction have a poor
neurodevelopmental outcome [11].

Table 1 Volpe’s classification of intraventricular

hemorrhage

Grade 1

GMH with no or minimal IVH (<10% of
ventricular area on parasagittal view)

Grade 2 IVH (10-50% of ventricular area on
parasagittal view)

Grade3 IVH (>50% of ventricular area on
parasagittal view, dilating the lateral
ventricle)

Separate | Concomitant periventricular echodensity

notation | referred as IPE (intraparenchymal

echodensity), periventricular hemorrhagic
parenchymal infarction, or venous
infarction

Table 2 Grading of intraventricular hemorrhage by
Papille et al.

Grade | Small hemorrhage confined to the Germinal

1 matrix and without effect on adjacent
parenchyma (Fig. 6a)

Grade | Hemorrhage originating within the Germinal

2 matrix and extending into the lateral
ventricle, without ventricular dilatation
(Fig. 6b)

Grade | Hemorrhage originating into the Germinal

3 matrix and extending into the lateral ventricle
leading to acute ventricular dilatation
(Fig. 6¢)

Grade | Large hemorrhage extending to the brain

4 parenchyma with infarction of the
periventricular white matter (Fig. 6d)

Post-Hemorrhagic Ventricular

Dilatation

Post-hemorrhagic ventricular dilatation (PHVD)
usually develops after a grade 3 or grade 4 IVH. It
is defined as ventricular enlargement that exceeds
the 97th percentile for the gestational age [12]
(Fig. 7). Clinical parameters are not reliable for
its diagnosis and serial cranial ultrasonography is
the imaging of choice to monitor its progression
[12—-14].

The commonly used measurements for docu-
menting ventriculomegaly are ventricular index,
anterior horn width, thalamo-occipital distance
(TOD), ventricular height, and frontal horn ratio
[15] (Table 3).

Periventricular Leukomalacia

In neonates, the site of ischemic damage varies
with gestational age. In term neonates, anoxia or
severe hypoxia damages the grey matter and
basal ganglia resulting in cerebral atrophy
whereas in preterm neonates, ischemia damages
the periventricular white matter.

Periventricular leukomalacia (PVL) is the
result of infarction in the arterial boundary zones,
better called as watershed zones.

This white matter injury can be cystic with
macroscopic focal necrosis evolving to cysts or
non-cystic with multiple focal areas of necrosis
eventually ending up in glial scars and lastly dif-
fuse astrogliosis without focal necrosis [16-20]
as seen in Fig. 9.

The well-known classification by De Varies
only focuses on cystic white matter injury which
is less common than diffuse PVL (diffuse white
matter gliosis). Diffuse PVL is not easily discern-
ible by CUS [21].

De Varies et al. in 1992 classified periventricu-
lar leukomalacia into the following grades
(Table 4):

Grade 1: Transient periventricular echo densities
persisting for >7 days

Grade 2: Small, localized frontoparietal cysts.

Grade 3: Periventricular echo densities evolving
into extensive periventricular cystic lesions
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Fig.6 (a) Coronal ultrasound image in a preterm neonate
at the level of frontal horns of the lateral ventricles , show-
ing bilateral germinal matrix hemorrhage (arrows; grade 1
IVH), (b) Parasagittal ultrasound scan through right lat-
eral ventricle showing IVH grade 2 (arrow), and (c)
Coronal ultrasound image in a preterm neonate with grade
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3 IVH (arrows), showing dilatation of frontal and tempo-
ral horns of lateral ventricles (d) Grade 4 IVH implies
extension of echogenicity out of the vicinity of the cau-
date nucleus into the periventricular white matter shown
in the left parietotemporal region of the coronal scan
(arrow)
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Table 3 Sonographic indexes to assess ventriculomegaly

(Fig. 8)
Sonographic
index Advantages Measurements
Ventricular | Most widely used — Measured in
index >4 mm of the 97th coronal view
centile-poor (Foramen of
prognosis Monro view)
Correlates well only |— Distance
for term neonates from Falx/
Misses out on early midline to
hydrocephalus lateral wall of
the body of the
ventricle
Anterior Identifies early —  Measured
horn width | hydrocephalus diagonally in
No variation with coronal plane
change in gestational | (Foramen of
age Monro view)
>4 mm is abnormal
Thalamo- Absence of increased |— Measured in
occipital TOD is an important | sagittal plane
distance negative finding asit |— >26 mmis
can be the only site abnormal (or
of dilatation. >1 mm over
>26 mm is abnormal | then 97th
Itis aless centile)
meaningful marker
due to its difficult
visualization and
considerable
variation. Isolated
dilatation exists in
normal preterms
infants
Third Measurement of the |- Measured in
ventricular | third ventricle assists | coronal plane
width in differentiating — >3 mmis

communicating and
non-communicating
hydrocephalus

abnormal (or
>1 mm over the
97th centile)

Grade 4: Densities extending

into deep

white matter evolving into extensive cystic

lesions

The two phases in the evolution of cystic PVL
are as follows:

Early Occurs in the late antenatal and early
acute postnatal period. Approximately from the
phase end of first week to 10 days of life

Late Appears as swiss cheese multicystic
chronic pattern on neurosonogram and evolves
phase over 4-6 weeks

Sequelae in Periventricular

Leukomalacia

1. Cystic change of the affected white matter
also called as Swiss Cheese appearance of
brain parenchyma: Bilateral cysts in the
fronto-parietal-occipital or parieto-occipital
regions (Fig. 9) are associated with a high risk
of cerebral palsy, mostly being spastic diple-
gia or quadriplegia.

2. Cystic encephalomalacia: Grade 4 or subcor-
tical periventricular leukomalacia which often
affects near-term infants has a poor prognosis
(Fig. 10)

3. Porencephalic cyst: Porencephalic cavitation
due to venous infarction associated with ger-
minal matrix intraventricular hemorrhage or
arterial infarction of a branch of a perforator
artery.

4. Cognitive deficits: Intellectual disability is
commonly associated with spastic diplegia,
quadriplegia and/or cerebral visual impair-
ment may occur due to the involvement of
optic radiation [22, 23]. Behavioral and
social-emotional problems are commonly
seen in children born very preterm with white
matter injury [23].

Perinatal Asphyxia and Hypoxic

Ischemic Encephalopathy

A screening CUS is performed on day 1 of life in
babies diagnosed with perinatal asphyxia. In
addition, if severe forms of asphyxia causing
intracranial hemorrhage are suspected, CUS
should be obtained and serially repeated to moni-
tor the progression. Doppler evaluation in cases
of perinatal depression is also valuable as a prog-
nostic factor.

The patterns of injury are variable in hypoxic
ischemic encephalopathy. The neurosonographic
findings can include cerebral edema (Fig. 11),
periventricular injury, basal ganglia injury or
focal ischemic lesions, and intracranial bleeds
(Table 5) [24].

Neonatal Infections
Intrauterine infections occurring early in gesta-
tion result in congenital malformations while
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Fig.8 (a) Single arrow showing the ventricular index of levene while the double arrow denotes the anterior horn width,
(b) Thalamo-occipital distance with double arrows, and (¢) Third ventricular width with two arrow heads

those occurring later can cause the destruction of
normal brain parenchyma. The neurosonographic
findings in TORCH infections are: periventricu-
lar calcifications, cerebral atrophy, hydrocepha-
lus, subependymal cysts, and lenticulostriate
vasculopathy (LSV).

1. Lenticulostriate vasculopathy (LSV): It
refers to the sonographic appearance of
increased echogenicity of the lenticulostriate
vessels arising from the middle cerebral
arteries supplying the basal ganglia and por-
tions of the internal capsule [25]. This may
be unilateral/bilateral branching, punctate/
linear, or thalamic echogenicity. The com-
mon infectious causes of LSV are congenital
infections (cytomegalovirus, rubella, syphi-
lis, human immunodeficiency virus, toxo-

2.

plasmosis, varicella), bacterial meningitis,
and rotavirus. Symptomatic cytomegalovirus
(CMV) infected infants have central nervous
system insults in the form of lissencephaly,
polymicrogyria, microcephaly, ventriculo-
megaly, LSV, and cerebral calcifications,
(Fig. 12) [26-28].

Meningitis: Neurosonographic findings in
neonatal meningitis can be extensive in the
form of subdural fluid collections, ventriculo-
megaly, ventriculitis, cerebritis, brain abscess,
and echogenic sulci (Fig. 13). Echogenic sulci
is the earliest finding discernible on CUS pro-
jecting as a sulcal thickness > 2 mm. Findings
consistent with ventriculitis vary depending
on the course of the disease as shown in
Table 6
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Fig. 9 (a) Transient periventricular echodensity seen in  and d) Deep cystic lesions in sagittal and coronal planes,
the fronto-parietal region on sagittal view, (b) Small local- ~ respectively
ized fronto-parietal cysts seen in the sagittal plane, and (¢

Table 4 Neonatal cranial ultrasound findings in PVL

Grade 1 PVL Peritrigonal blush-frontal horns, parieto-occipital junction of lateral ventricles

Grade 2 PVL White matter cysts within flare-localized, few in number

Grade 3 PVL Cysts representing total tissue necrosis, widespread along fronto-parieto-occipital region
Grade 4 PVL Periventricular and cortical cysts—Subcortical leukomalacia
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Fig. 10 Cystic
encephalomalacia at 2
months follow up in a
neonate who suffered
from perinatal asphyxia

Fig. 11 (a and b) Early stage of perinatal asphyxia with gross cerebral edema and chinked lateral ventricles on coronal
view and parasagittal view

Table 5 Different forms of injury known to occur in HIE

Periventricular Visible as periventricular flare,

injury cysts, or with progressive
ventricular dilatation

Cerebral edema | Chinked lateral ventricles with loss
of normal brain architecture.

Intracranial May be either a cerebellar bleed,

bleed parenchymal bleed, or an
intraventricular hemorrhage

Basal ganglia Echodense lesions in hemorrhagic

injury necrosis or echolucent lesions in

non-hemorrhagic necrosis

Fig. 12 Widespread punctate hyperechogenicities sug-
gestive of cerebral calcifications

Focal ischemic Seen as echodensities in vascular

lesions network with loss of pulsations in
the involved vessel

Structural Porencephaly

malformations
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Fig. 13 (a) Brain abscess on sagittal view in a neonate
suffering from Burkholderia cepacia meningoencephali-
tis, (b) Subdural empyema in sagittal plane in a term neo-

Table 6 Cranial ultrasonography findings in neonatal
meningitis

Early findings (under Late findings (after

2 weeks) 2 weeks)

Irregular ventricular Ventricular dilatation

margins

Echogenic sulcal spaces Intraventricular
septations

Echogenic particles in

ventricles

Conclusion

Cranial ultrasound, an easily sought tool in neo-
natal intensive care assist to identify major
comorbidities in neonates such as IVH, PVHD,
and cystic PVL with excellent accuracy in real
time and at the patient’s bedside. Cranial POCUS
can be extremely helpful for diagnostic and prog-
nostic purposes, and it can help neonatologists in
making timely and accurate clinical decisions.

SEPTATIONS IN LATERAL VENTRICLES

Abnomal intraveniricular echogenic

matarial apperantly contiguous with
veniricular wall

nate suffering from E. coli meningitis, and (¢ and
d) Changes seen in ventriculitis in early phase and late
stages in the form of septations, respectively

The list of its utilities is enormous but it does not
replace the role of radiologists in this field and all
infants with abnormal CUS on POCUS assess-
ment should be consulted with pediatric radiolo-
gist and have a formal imaging evaluation by
the radiologist.
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ning in emergency medicine, interest developed
in using bedside point-of-care ultrasound
(POCUS) for a wider variety of patients. The use
of bedside POCUS in the transport setting how-
ever was limited for years as the available ultra-
sound machines were large and not suitable for
transport teams to apply in the transport setting.
The development of handheld and easily porta-
ble ultrasound devices has aided the adaptation and
bedside utilization of POCUS in transport medi-
cine. This was very much the need of the hour as it
helped the clinician understand the physiology and
aided in delivering target-specific intervention in
the management of the critically sick infant and
child. This has been further supported by several
contributing factors among which include standard-
ized guidelines and literature to support its use by
other health professionals and its increasing recog-
nition as a valuable diagnostic tool in aiding the
bedside management of a critically ill patient. The
other contributing factors include ease of use with
training, portability, durability, affordability, and
available probes for the ultrasound machines [11].

Role of Point of Care Ultrasound
in Critical Care Transport

One benefit of POCUS is the ability of the clinician
to carry out the assessment at the bedside, using
their POCUS findings to augment their own clinical
assessment and clinical decision-making. This is no
different from its use in the neonatal or pediatric
intensive care unit. However, the advancement of
smaller and more portable POCUS devices benefits
the transport team, as an ultrasound machine can be
taken with the team on each transport.
Its roles include (Fig. 1):

. Diagnostics

. Assessment of interventions made
. Procedural support

. Improved communication

RESELOS I \S R

Each of these points will be discussed below.

Diagnostics

Improved
communication

Assess
Interventions

Procedural
Support

Fig. 1 Role of point of care ultrasound in infants and
children in the transport setting

Diagnostic Role of Point of Care
Ultrasound in Transport

The use of POCUS as a diagnostic tool in the stabi-
lization of an infant and child is very different from
the traditional radiology ultrasound or structural
echocardiography [12—14]. The purpose of POCUS
in transport is to answer predefined questions to
identify the etiology of the shock and/or respiratory
distress, perhaps in environments without access to
expertise in ultrasound (for example, in the back of
an ambulance or in a remote hospital with limited
expertise availability).

The use of POCUS to make important diagno-
ses requires a sequential assessment, while incor-
porating your physiological data, clinical
assessment, laboratory results, and other addi-
tional investigations. The aim is to understand
deranged anatomical, physiological, or hemody-
namic abnormality and then to treat any reversible
causes [12—-14]. The POCUS assessment should
not delay resuscitation measures.

A schematic approach to using POCUS in iden-
tifying common causes of shock is shown in Fig. 2.
POCUS can also be used to monitor the disease
progression when you have made a diagnosis.
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Lung Assessment

Cardiac Assessment

¢ Assess right and left ventricles
in at least 2 views (any of
subcostal, apical or

Inferior vena cava
(IVC) Assessment

e Subcostal view with M-mode

4

Abdominal
Assessment

e Four quadrant review and
bladder/pelvis

4

Cranial Assessment
m neonates//nfants

 [If anterior fontanelle is still
open

Assess for:
o B-lines (pulmonary oedema/cardiogenic shock)?
o Pneumothorax (tension)?
° Pleural effusions (tamponade)?
Consolidation? (Source of sepsis)

Assess for:

o Ventricular filling (pre-load)?

° Cardiac function (contractility)?
Elevated pulmonary pressures (afterload)?
Significant valvular regurgitation

Assess for:
o Distension
o Collapsibility (including respiratory variation)

Assess for:

o Free fluid in the abdomen?

o Urine production in bladder

o Evidence of renal infection? (Source of sepsis)

Assess for:

° Subdural bleeds?
Intracranial or intraventricular bleeds?
Hydrocephalus?
Major structural abnormalities

Fig. 2 A structured approach to using POCUS when
approaching the infant or child with undifferentiated
shock. [Modified from Hardwick JA, Griksaitis

POCUS can also play an important role in the
resuscitation of infants and children not respond-
ing to the standard treatment protocols. POCUS
can be utilized to find the underlying cause by
applying the ultrasound probe at predefined set
points to rule out or recognize common causes of
collapse in infants and children (SAFE-R proto-
col) [14].

M. Fifteen-minute consultation: Point of care ultrasound
in the management of paediatric shock. Arch Dis Child Ed
& Practice. August 2020] [13]

While the specific findings on POCUS to
diagnose these pathologies are discussed in the
cardiac section of the book, this chapter empha-
sizes on cardiac POCUS in the transport setting.

The cardiac POCUS findings can be consid-
ered using the 5 “Fs” (Fig. 3).

Cardiac POCUS can help in differentiating the
underlying cause among these five categories.
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Fluid

Pericardial/
Pleural effusion

Function
Contractility
Heart wall
Thickness

Flow

cardiac output
Valves

Filling
IVC collapsible

Heart size
left & right
heart fullness

Fig.3 5 Fs in an infant or child with shock

Simplifying this further, considering the fac-
tors that determine cardiac output can help in tar-
geting specific intervention:

¢ Pre-Load:
— Volume status—do the ventricles look full/
distended?
— Is the inferior vena cava (IVC) distended or
collapsed?
¢ Contractility:
— Are the ventricles moving adequately?
¢ Afterload:

— Is there a pericardial effusion?

— Is the right ventricle (RV) hypertrophied
and/or dilated/are there any signs of pul-
monary hypertension?

However, one should remember POCUS should
never be used as a screening tool for congenital
heart diseases and when applied in the above-
described manner it is not targeted to diagnose or
rule out the critical congenital heart disease, which
should always be a differential in a collapsed
infant, especially during the neonatal period.

Lung POCUS has a very useful diagnostic
role in the transport setting, and in conjunction
with cardiac POCUS this becomes even more
valuable for the assessment of sick infant [15—
20]. While this has been discussed in the applica-

tions of lung ultrasound section of this book, it is
important to understand that an infant or child
presenting with respiratory distress, or deteriorat-
ing while on a ventilator in transport, could ben-
efit from the use of lung POCUS. In fact, getting
an urgent chest X-ray may not be available or
may take longer time, especially in the commu-
nity or outside the hospital, and a lung POCUS
may be crucial in those situations in managing
sick infants and children with possible lung
pathologies. Lung POCUS can be used to
diagnose:

* Atelectasis/Consolidation

e Pneumothorax

* Pleural effusions

e Pulmonary edema

e Acute respiratory distress syndrome (ARDS)
e Misplaced endotracheal tubes

The systematic approach to lung POCUS is
described in the chapter on lung POCUS (Please
refer to the lung POCUS section of this book for
further details).

Role of Point of Care Ultrasound
in Transport in Assessing Response
to Intervention

One benefit of POCUS is the ability to repeat the
assessment several times to monitor the evolving
pathology and in evaluating the impact of interven-
tion or treatment provided. It can also help in iden-
tifying detrimental interventions. For example,
following a fluid bolus clinician may now see a
dilated ventricle with impaired contractility (on car-
diac POCUS) and new B-lines (suggestive of pul-
monary edema on lung POCUS), which would
suggest volume is now no longer beneficial and it
would be time to move on to other forms of cardio-
vascular support.

In a child with shock with hemodynamic
instability, the aim of cardiac POCUS is to opti-
mize pre-load (either fluid therapy for hypovole-
mia or diuretics for the failing heart), contractility
(either with inotropes or vasopressor support),
and afterload (e.g., potential need for inhaled
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nitric oxide) (Please refer to the cardiac section
of this book for further details).

Lung POCUS can also be used to review the
resolution of a pneumothorax or pleural effusion
following the insertion of a chest drain without
the need for a repeat chest X-ray [15-20].

This has been discussed in detail in the lung
ultrasound chapter of this book.

Procedural Role of Point of Care
Ultrasound in Transport

Many procedures were traditionally taught with
landmark techniques. This can be associated with
a higher procedural failure rate, longer procedure
time, and additional complications, particularly
in smaller children. The introduction of ultra-
sound in critical care units (e.g., vascular access)
is commonplace, and this technique can be used
in transport [21].

When a neonate or child is in shock, ultra-
sound can make procedures quicker, easier, and
less stressful if used properly [22, 23]. While the
focus is often on using ultrasound to obtain vas-
cular access, many other useful examples are
shown in Table 1.

Table 1 Procedural role of POCUS in infants and chil-
dren in the transport setting

Body cavity Procedural support
Cranial * Ventricular taps
Ultrasound  Subdural taps
Thoracic e Chest drain insertion
Ultrasound * Pleural taps
¢ Lung recruitment
Cardiac  Pericardiocentesis
Ultrasound * Identifying central line
tip position
* Guiding cardiac procedures
(e.g., balloon atrial septostomy,
ECMO cannulation)
Vascular e Arterial line insertion
Ultrasound e Peripheral intravenous
cannulation
 Central venous cannulation
Abdominal * Ascitic tap
Ultrasound e Peritoneal drain insertion
* Suprapubic aspiration
Musculoskeletal e Fracture manipulation
Ultrasound ¢ Nerve blocks
¢ Lumbar punctures

Role of Point of Care Ultrasound
in Transport in Improving
Communication Among the Teams

A shocked neonate/child has a wide range of
pathologies. The use of POCUS can help narrow
this down, and therefore help determine which
critical care unit is most appropriate to transport
the patient to. For example, a POCUS demon-
strating very severe left ventricular dysfunction
may best be managed in a cardiac critical care
unit with access to extracorporeal life support.
The early decision-making by the transport team
can reduce unnecessary transport of the patient
and supply the receiving unit with more specific
and physiologic information to be prepared for
the incoming admission.

With the advances in telemedicine, some
POCUS images could be transferred to specialist
units for expert review and allow further advice
to be given to the transport team in managing the
child en route to the receiving center.

The Ideal Ultrasound Device
for Critical Care Transport

Many devices exist on the market for POCUS, and
some are more suitable than others for critical care
transport. Many factors need to be considered
when selecting the ultrasound machine for a trans-
port service [24]. The ideal machine would be:

e Small/light-weight

e Handheld

¢ Robust if dropped

* Long battery life

e Suitable for all body systems (ideally one
probe with the ability to alternate between lin-
ear, phased array, and curvilinear high and low
frequencies)

e Ability to record and store images

e Ability to transmit images to other users for
immediate review

e Probe size suitable for all ages of children
(particularly for vascular access)

e Cost-efficient

e Probe/machine does not overheat

e Quick and easy to turn on and initiate scanning
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Summary

POCUS has many roles in the diagnosis, assess-
ing treatment effect, supporting procedures, and
improving communication with clinical teams
when dealing with a neonate or child with undif-
ferentiated shock. All these roles are particularly
beneficial for the transport teams, given the por-
table nature of handheld ultrasound devices and
the limited access to other imaging modalities in
circumstances such as a deterioration in the back
of the ambulance or in a remote hospital with
limited facilities or expertise. In fact, POCUS
may be the ideal tool for managing a critically
sick infant and child in these setting limited
resources or expertise. The POCUS interpreta-
tion is unchanged from its use in a critical care
unit or on transport.
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Introduction

The evidence for the use of Point-of-Care
Ultrasound (POCUS) for procedural and vascular
access guidance in children and neonates can no
longer be disputed. The recent growth of support-
ive evidence makes a strong case for using
POCUS for pediatric interventions such as vascu-
lar access [1]. Procedural ultrasound guidance
has improved procedural success, provider per-
formance, and patient safety [2]. National and
international consensus have been developed
supporting the use of ultrasound in vascular
access [3, 4]. Consequently, the American
Academy of Pediatrics and the Society of Critical
Care Medicine have endorsed ultrasound use
within the scope of pediatric procedural perfor-
mance [5, 6]. Despite the strong evidence and
recommendations by multiple pediatric societies,
the use of ultrasound guidance for vascular access
has not yet been universally adopted, especially
in neonates, due to many barriers to its imple-
mentation. However, the increased availability of
POCUS training modules and courses, as well as
the introduction of POCUS curriculums in medi-
cal school, will make POCUS implementation
for procedural guidance soon the standard of care
in all pediatric and neonatal practices. This chap-
ter describes the use of POCUS for vascular
access guidance.

Ultrasound-Guided Vascular Access:
Basic Principles

Probe Selection

When utilizing POCUS for vascular access guid-
ance, proper probe selection will be crucial for
procedural success. The primary probe that will
be used is the linear probe due to its high fre-
quency providing optimal image resolution.
Linear probe frequencies range from 8 to 33 MHz
(Fig. 1). The footprint of the linear probe is flat
and the crystals are aligned in a linear fashion
which provides a square image on the screen. The
size of the patient will also determine the probe
selection. Larger patients may require a lower

Fig. 1 High-frequency linear probes: (a) 7-15 MHz
“Hockey-Stick”. (b) 10-22 MHz

frequency probe around the 12 MHz range so that
the probe can penetrate the deeper structures. The
hockey-stick probe has a much smaller footprint
with a higher frequency range making it useful
for smaller patients (Fig. 1a).

Probe Orientation

A vessel can be assessed in different views with
POCUS. The three main orientations are short
axis, where the plane of the probe is perpendicu-
lar to the vessel; long axis, where the plane of the
probe is parallel to the vessel and oblique axis
(Fig. 2a—c). From there the needle can be inserted
in-plane, which is parallel to the plane of the
probe or out-of-plane, which is perpendicular to
the plane of the probe [7]. Each approach has its
pros and cons. When accessing a vessel on the
short axis with the needle out-of-plane the sur-
rounding structures can be easily identified but
following the needle tip can be challenging.
Alternatively, when accessing a vessel on the
long axis with the needle in-plane, the needle tip
can be easily followed but visualization of sur-
rounding structures is not possible and inadver-
tent probe manipulations can place the probe
over an artery instead of an intended vein.
Furthermore, the probe has to be kept perfectly
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Fig. 2 Probe positioning for femoral vein view in short axis (a), long axis (b), and oblique axis (c)

aligned and in-plane over the needle which makes
it a difficult maneuver when dealing with small
neonatal vessels or unsedated, noncooperative
patients.

Identification of Structures

When performing an initial scan it is important to
clearly identify the anticipated structures includ-
ing arteries, veins, nerves, lymph nodes, and
muscle. The first step is the differentiation of
arteries from veins. Veins have thin walls and are
compliant under gentle probe pressure (Figs. 3
and 4). Arteries will have thicker walls and will
demonstrate pulsatility under gentle probe
pressure.

Color doppler can be applied to the image to
show the directionality of flow within the vessels.
In the conventional setting of color doppler the
flow that is moving away from the probe is blue
and flow moving towards the probe is red (Fig. 5).
The simple pneumonic of BART can be applied as
Blue Away Red Towards. In an ideal state, the color
doppler will work best when the ultrasound beam
is parallel to the direction of blood flow. This is
referred to as the angle of insonation being the dif-
ference of degrees between the beam and the blood

Muscle

s

Femoral Artery

-

Femoral Vein

Fig. 3 Normal anatomy of the left femoral vessels in
short axis

Femoral Vein Under
Compression

Femoral Artery

/

Medial

Fig.4 Short axis view of left femoral vein under exter-
nal compression demonstrating venous collapsibility
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Fig. 5 Color doppler of left femoral vessels demon-
strating directionality of flow. Red: flow towards the
probe. Blue: flow away from the probe
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Fig. 6 Illustration demonstrating probe positioning to
reduce angle of insonation

vessel of interest (Fig. 6). The probe is placed over
the vessels and the tail of the probe can be fanned
so that the ultrasound beam is as parallel as possi-
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ble to the direction of blood flow. An angle of
insonation of <60° is optimal for vascular ultra-
sound. However, an angle of insonation close to
90° is best for needle tip visualization (see below).

A second way to differentiate arteries from
veins is by interrogating the vessel with spectral
doppler or pulsed wave doppler (PWD). The gate
of the doppler can be placed within the vessel.
Again, this method works best when the angle of
insonation is <60°. The PWD will then display a
waveform based on the flow characteristic of the
vessel. The characteristics of a pulsatile arterial
(Fig. 7) tracing can be differentiated from the
phasic venous tracing (Fig. 8).

Nerves can be identified as hypoechoic struc-
tures that have the appearance of a honeycomb on
the short axis. The individual nerve fascicles are
surrounded by hyperechoic connective tissue
known as the epineurium [8] (Fig. 9). Nerves
generally lie near a main artery among the neuro-
vascular bundle. Nerves will not compress under
gentle pressure but may shift to the side. Lymph
nodes can also be identified by ultrasound as hav-
ing the appearance of a hypoechoic oval structure
with smooth, well-defined margins (Fig. 10).
Lastly, the surrounding muscle should be identi-
fied and avoided if possible. Muscles will appear
as hypoechoic structures with bright surrounding
fascia and linear perimysial stranding within.

Assessment of Vessel Diameter

During POCUS assessment of the vessel, an
anterior-posterior measurement should be
acquired. The probe is held on the short axis and
an image of the vessel is captured at the antici-
pated point of cannulation. Care must be taken to
support the hand on the patient so as not to com-
press the vessels with the probe (Fig. 11). The
measurement calipers on the POCUS machine
are then used to measure the inner diameter of
the vessel (Fig. 12). For peripherally inserted
central line placements the measurement should
be acquired without a tourniquet in place. A
catheter-to-vein ratio of less than 33—45% is sug-
gested to decrease the risk of deep vein thrombo-
sis [9, 10].
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Fig. 8 Pulsed wave doppler of the jugular vein displays the classic continuous venous flow
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Fig. 11 Image demonstrating how to hold the probe by
the thumb and first finger while the other fingers are
fanned out and resting on the patient to avoid external
compression of the vessel

Fig. 12 Vessel measurement prior to line insertion
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Dynamic Needle Tip Positioning

When accessing a vessel, it is important to be
continually aware of the needle tip location in
reference to surrounding structures and the target
vessel. The needle tip and the shaft of the needle
will both appear as a bright echogenic dot on the
screen. The key to locating the needle tip is to
identify the transition where the needle starts and
ends. The best way to accomplish this is by using
the step-down technique which is also known as
dynamic needle tip positioning (DNTP) [11, 12].

During DNTP the probe is centered over the
vessel with a short axis view. The vessel should
remain centered on the ultrasound screen and the
imaging depth should be set such that the vessel is
approximately in the middle of the screen. The
needle is inserted under the center of the probe and
pierces the skin. An out-of-plane approach will be
used while accessing the vessel. Once the needle is
under the skin, the probe can be fanned so that the
tail is away from the proceduralist and the POCUS
beam is oriented 90 degrees to the plane of the
needle (angle of insonation). The needle will
appear as a bright echogenic dot on the screen. The
probe is then slowly advanced to the point where
the needle tip disappears. Next, the needle is
slowly advanced towards the vessel. Just as the
needle tip appears on the screen the needle
advancement stops, and the probe is advanced a
small step until the needle tip disappears again.
This procedure is repeated until the needle has
compressed the anterior wall of the vessel. At this
point, it may be necessary to decrease the angle of
the needle so as not to puncture the posterior wall
of the vessel during cannulation (Fig. 13).

Subtle back and forth fanning may be required
during this process. The POCUS image is best
when the angle of insonation is optimized main-
taining the ultrasound beam at 90° to the vessel
of interest. When the probe is fanned so that the
angle of insonation is perpendicular to the plane
of the needle, the vessel will not be as clear. To
view the vessel the probe is then fanned so that
the beam is perpendicular to the vessel, then
fanned back to the needle.

Central Venous Access
Internal Jugular Vein

The internal jugular vein (IJV) is a commonly
accessed vessel that runs lateral to the carotid
artery (Fig. 14). In pediatric patients, the anatomy
of the IJV relative to the carotid artery is variable.
In 50% of the patients the IJV overlaps the carotid
artery at the level of the apex of the
sternocleidomastoid muscle whereas in 25% of
patients this overlap occurs higher in the neck, at
the level of the cricoid [13]. The head position
should be adjusted to allow the most direct access
to the IJV while avoiding the internal carotid
artery. This may require the head to be midline or
turned to the contralateral side of line placement
[14]. The patient can be positioned in
Trendelenburg in order to improve the diameter
of the vessel.

Both the right and left IJ'Vs should be assessed
prior to the procedure to rule out thrombosis, ste-
nosis, or suboptimal anatomy. The IJV can be
visualized in a short axis, long axis, or oblique
axis view. Upon assessment, the diameter of the
vessel should be measured to optimize the
catheter-to-vein ratio, keeping the catheter less
than 33-45% of the vessel diameter [15]. For the
1JV this measurement becomes critical in infants
where a large bore hemodialysis catheter may be
placed.

Traditionally the IJV is accessed through a
short axis out-of-plane approach where the nee-
dle is inserted at the apex of the sternocleidomas-
toid with a 45-60° angle (Fig. 15). When the site
of insertion is located, the proceduralist can
advance the probe to the clavicle to get a sense of
the vessel trajectory. The probe is then brought
back to locate the needle and the DNTP approach
is employed to follow the needle tip until the ves-
sel is accessed.

Alternatively, an in-plane approach can be
used with the probe in the short axis or oblique
axis orientation (Fig. 16). The benefit of this
approach is the ability to follow the entire needle
as the vessel is cannulated. Additionally, it pro-
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Fig. 13 [Illustration demonstrating
dynamic needle tip positioning
technique for vascular access
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from the ear and hairline. Each of the three views artery puncture compared to the short axis view
offers the same result in first-pass success but the [16, 17].
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Fig. 14 Short axis view of the internal jugular vein and
carotid artery with calipers measuring vessel diameter

Fig. 15 Short axis out-of-plane approach to access the
internal jugular vein

Fig. 16 Short axis in-plane approach to access the inter-
nal jugular vein

Subclavian and Brachiocephalic Veins

The subclavian vein (SCV) begins just as the
axillary vein passes over the first rib under the
region of the clavicle. Due to the clavicle’s pas-
sage over the distal end of the SCV, it can only be
assessed with POCUS in the supraclavicular
region. The patient should be positioned supine
or in Trendelenburg with the head turned away
from the insertion site. In smaller children, a neck
roll can be utilized to further expose the supracla-
vicular region [18].

The SCV will be accessed using a long axis
in-plane approach. First, the IJV is viewed with
a short axis approach. The probe is slid down
towards the clavicle and may need to be fanned
so that the tail of the probe is towards the
patient’s head (Fig. 17). In this view, the IJV
can be seen merging with the SCV and insert-
ing it into the brachiocephalic vein (BCV). The
probe is then manipulated so that the SCV is
seen in a long axis view. The vessel should be
interrogated with pulsed wave doppler and
color doppler to confirm that the subclavian
artery is not being viewed [19]. Additionally,
valves within the vessel can help confirm
venous anatomy as opposed to arterial (Fig. 18).
The proceduralist can then access the vessel by
inserting the needle under the foot of the probe

Fig. 17 Long axis in-plane supraclavicular approach to
access the subclavian or brachiocephalic vein
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Fig. 18 Venous Valves (red arrows) in Subclavian vein. SCV Subclavian Vein, BCV Brachiocephalic Vein

Fig. 19 Long axis view of the subclavian vein visualiz-
ing the pleura and guidewire

using an in-plane approach while following its
trajectory on the POCUS screen (Fig. 19). It is
important to keep the probe immobilized over

the SCV so that it does not drift over the subcla-
vian artery. If the needle is not seen on the
POCUS screen the needle trajectory should be
adjusted rather than adjusting the probe.

In this view, the brachiocephalic vein (BCV)
can also be seen as the IJV and SCV insert into it
(Fig. 20). Cannulation of the BCV is similar to
the supraclavicular SCV approach. The patient
should be positioned supine with the head turned
away from the insertion site (Fig. 21). The probe
is again positioned so that the SCV is seen in the
long axis view. The probe is fanned towards the
frontal plane to capture the SCV merging with
the BCV [20]. The vessel can be accessed with a
21 g needle or a 24 g angiocath based on the size
of the patient. In the neonatal population, this
approach has been successful in children down to
550 g [21] (Fig. 22).
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Fig. 20 1JV joining SCV to form BCV. Arrow showing pleural line

Fig.21 Optimal position for BCV cannulation

Axillary Vein

The axillary vein (AxV) can be viewed on the ante-
rior chest as it approaches the clavicle prior to
coursing under the clavicle and becoming the
SCV. The AxV lies just caudal to the axillary artery
with the pleura posterior as they head towards the
clavicle. For cannulation, the patient should be
supine in a subtle Trendelenburg position of no
more than 5° [22]. The arm can be abducted to posi-
tion the clavicle more cephalad allowing more room
to access the vessel [23]. To access the AxV the
probe can be held in the short axis, long axis, or
oblique axis views [24, 25] (Figs. 23 and 24). If the
short axis or out-of-plane approach is used, DNTP
can be employed to access the vessel while paying
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Fig. 23 Long axis in-plane approach to access the axil-
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Fig.25 Relationship between the axillary vessels and the
pleura

close attention to avoiding the pleura (Fig. 25). Care
must be taken to access the vessel before the clavi-
cle obstructs the view. The long or oblique axis or
in-plane approach can also be employed. This view
allows better visualization of the needle tip in rela-
tion to the pleura.

Fig. 24 Short axis out-of-plane approach to access the
axillary vein
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Common Femoral Vein

Utilizing POCUS for common femoral vein
(CFV) access increases first attempt success [26].
For pediatric temporary CVC site selection the
CFV is frequently used. The access point lies just
distal to the inguinal ligament. At that region, the
CFV is medial to the femoral artery and the fem-
oral nerve is lateral to the femoral artery (Fig. 3).
Above the level of the inguinal ligament the CFV
becomes the external iliac vein. In pediatric
patients, the femoral artery will have a significant
overlap of the CFV 3 cm distal to the inguinal
ligament as opposed to relatively no overlap 1 cm
distal to the inguinal ligament [27]. The patient
should be placed in a supine position. For smaller
children, placing the bed in reverse Trendelenburg
can aid in distending the CFV. The use of a towel
roll under the hips can aid in opening up the
inguinal fold to assist in line placement. A linear
probe should be placed over the vein distal to the
inguinal ligament to view the vessel in short axis
(Fig. 26). The legs can be positioned straight in

Inguinal

Ligament

Femoral Artery
and Vein

Fig. 26 Relationship between the inguinal ligament and
the femoral vessels

older pediatric patients or in a frog-legged posi-
tion in infants, with the hips flexed and externally
rotated to expose the inguinal area and to assess
the overlap of the CFV with the femoral artery in
both positions. Structures to identify will be the
femoral artery, femoral vein, femoral nerve, and
lymph nodes. The vessel diameter should be
measured to ensure the catheter-to-vein ratio is
appropriate, although this can be challenging for
novice providers [28].

The CFV can be accessed just distal to the
inguinal ligament. In the most common approach,
the operator holds the probe on the short axis and
uses an out-of-plane approach with the needle.
Once the vessel is centered on the screen the nee-
dle can be inserted and advanced to the vessel
utilizing DNTP. The insertion angle will be
steeper for older patients and shallower for
infants. Alternatively, the vessel can be accessed
with the probe in the long axis view using an in-
plane approach. It is recommended to start with
the short axis view and advance the needle to the
anterior vessel wall before rotating the probe to
the long axis view thereby minimizing the risk of
inadvertent arterial puncture.

Epicutaneo-Caval Catheters
and Peripherally Inserted Central
Catheters

Critically ill newborns often require a central line
for infusion of fluids, long-term parenteral nutri-
tion, and drugs that are not appropriate for periph-
eral administration. While it has become frequent
to place large caliber centrally inserted central
catheters (CICCs) in neonates, the insertion of
1-2.6 Fr catheters into peripheral veins remains
very common. Epicutaneo-caval catheters (ECCs)
are the most common central lines used in neo-
nates usually after umbilical lines are removed.
ECCs are inserted in upper or lower extremity
peripheral superficial veins (veins that lie less
than 7 mm below the skin). A common target ves-
sel for ECC placement is the great saphenous vein
as it courses along the anteromedial aspect of the
lower leg. Peripherally inserted central catheters
(PICCs) are also common central lines in new-
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Fig. 27 PICC insertion in the basilic vein

borns, inserted in upper or lower extremity periph-
eral deep veins (veins that lie more than 7 mm
below the skin). The most common vein used for
PICC line insertion is the basilic vein (Fig. 27).
Data on catheter diameter, vessel size, and risk of
thrombosis suggest that limiting the external cath-
eter diameter to one-third of the vessel’s internal
diameter may reduce the incidence of thrombosis
[9, 29, 30]. It is strongly recommended to mea-
sure the vessel diameter to decide on the appropri-
ate catheter size before central line insertion. The
peel-away technique is the most common method
used for ECC/PICC placement. With a short axis
approach, a peel-away introducer is advanced into
the vein under ultrasound guidance. When blood
is visualized along the introducer or in the hub,
the catheter is advanced into the vein while the
needle is stabilized. The needle is removed and
the ECC or PICC is threaded through the intro-
ducer. Prior to securing the central line, a second
provider can evaluate the catheter tip position and
adjust it in real-time using ultrasound (see the sec-
tion below on POCUS for central line position
evaluation). POCUS offers a tool to improve suc-
cess rates during line placement and to accurately
position the catheter tip at the superior or inferior
cavo-atrial junction. Similar to other age groups,
ultrasound guidance improves success and safety
for PICC and ECC placement [1]. Although no
randomized  controlled  trials  comparing
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ultrasound-guided versus landmark-guided PICC
or ECC placement in preterm or full-term neo-
nates exist, given the strong evidence already
available favoring ultrasound use, equipoise may
be nowadays impossible to achieve.

Peripheral Venous Access

POCUS adds tremendous value to the insertion of
peripheral venous catheters. POCUS has been
shown to decrease insertion attempts and time to
cannulation [31]. Patients in whom peripheral veins
may not be identified with palpation or visualization
may have additional points of access identified with
POCUS. Vessels greater than 1.2 cm below the skin
should be avoided as most peripheral catheters may
not have sufficient length leading to catheter dis-
lodgement [32].

When accessing a peripheral vessel the limb
of interest should be placed on a stable surface.
The entire limb should be assessed looking for a
straight vessel free of intraluminal thrombus or
stenosis.

Both a short axis out-of-plane and long axis
in-plane approach can be used to access the ves-
sel. When accessing the vessel using a short axis
out-of-plane approach DNTP should be utilized.
The angle of insertion will depend on the depth
of the vessel. A vessel that is greater than 1 cm
deep may require an insertion angle of 45-60°.
Once the catheter is advanced into the vessel the
angle of approach should be decreased so that
the catheter is parallel to the plane of the vessel.
DNTP is used to advance the catheter a few more
millimeters before the catheter is threaded off
the needle. With the use of DNTP vessels <1 mm
in diameter can be successfully accessed [12].
Novice providers have increased success with
the short axis out-of-plane approach but as expe-
rience grows the long axis in-plane approach can
be beneficial [33]. The long axis approach can
help to limit posterior wall puncture on insertion
and can be wused to confirm appropriate
placement.
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Arterial Access

Arterial access is essential for the management of
critically ill infants and children, enabling con-
tinuous measurement of blood pressure and facil-
itating frequent laboratory assessment of gas
exchange as well as biochemical and hemato-
logic parameters. In both pediatric and adult criti-
cal care, the use of ultrasound has been shown to
significantly improve the success of arterial cath-
eterization, reducing the number of attempts and
procedure time and mitigating the effect of
patient and trainee variables [34, 35]. As is the
case with venous access, arterial catheters may
be placed in either peripheral or central vessels.
Peripheral arterial sites are typically preferred for
several reasons: redundant arterial supply, lower
consequences of thrombotic complications, and
lower infectious risk [36]. Therefore, peripheral
arterial line placement will be discussed in this
chapter.

Site selection depends on a number of patient
factors, including age, size, perfusion, anatomy,
and vessel patency, including the history of arte-
rial access. Despite the fact that arteries, in con-
trast to veins, are pulsatile and noncompressible,
this is not always the case, particularly in infants
and patients with hypotension, marginal cardiac
output, or upstream stenosis or occlusion.
Therefore, vessels of interest should always be

interrogated by ultrasound using both B-mode
and Doppler imaging. While application of light
pressure may serve to accentuate pulsatility, care-
ful attention must be paid to minimizing external
compression of the vessel. A high-frequency lin-
ear transducer for vascular access should be used
as discussed above along with a 22 g or 24 g arte-
rial catheter. Prior to entering the skin with a
needle beneath, a straight section of the vessel
should be identified for cannulation. Vessel
straightness may be determined using POCUS,
by orienting the probe on short axis and sliding it
along the length of the vessel from distal to prox-
imal. The vessel should remain centered on the
ultrasound screen and the imaging depth should
be set such that the vessel is approximately in the
middle of the screen. DNTP improves the suc-
cess of US-guided pediatric arterial catheteriza-
tion [37]. As the arteries of interest may be quite
superficial in neonates and infants, the skin
should be entered at a very shallow angle to avoid
inadvertently injuring the vessel, approximately
0.5 cm distal to the planned insertion site. Once
the needle tip tents the anterior surface of the
artery, the needle is again adjusted to enter the
artery at a shallower angle, which facilitates can-
nulation and guidewire introduction (Fig. 28).
The needle should then be advanced a few more
millimeters using DNTP techniques to avoid
exiting the posterior wall of the artery (Fig. 29).

Fig. 28 Arterial line placement technique under ultrasound guidance
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Fig. 30 2D image and color doppler of the radial artery in short and long axis views

Radial and Ulnar Arteries

In most patients, the upper extremity is the pre-
ferred site of peripheral arterial line placement.
Arteries in the forearm are proximal and straight,
therefore arterial catheters are less prone to
dislodgement.

When evaluating the upper extremity arteries
for cannulation, a combination of traditional
physiologic techniques as well as POCUS should
be utilized. The Modified Allen Test has been the
standard of care for many years and should still
be performed, and correlated with pulse oximetry
and ultrasound-based evaluation [38, 39].
B-mode imaging, color, and pulse-wave doppler
should be used to evaluate for pulsatile, ante-
grade blood flow in both the vessel of interest and
the vessel responsible for collateral flow (Fig. 30).

This ensures that perfusion of the extremity
remains intact in the event of an access-associated
arterial occlusion.

Once a vessel has been selected for cannula-
tion, position the forearm with the wrist gently
extended. Avoid over-extension as this is uncom-
fortable and has the tendency to stretch the vessel
longitudinally, decreasing its AP diameter.

Dorsalis Pedis and Posterior Tibial
Arteries

Although upper extremities are generally pre-
ferred, the arteries of the foot offer a good alter-
native for peripheral sites, particularly in infants.
However, arterial lines in the foot are more diffi-
cult to secure and more likely to become dis-
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lodged in active patients with a tendency to kick.
As with the arteries of the forearm, POCUS
improves the success of dorsalis pedis and poste-
rior tibial artery catheterization in infants and
children [40].

The two most appropriate locations for periph-
eral arterial cannulation in the foot are the dorsa-
lis pedis artery, a branch of the anterior tibial
artery located on the dorsum of the foot and the
posterior tibial artery, which courses through the
posterior compartment of the leg and enters the
foot after passing posterior to the medial malleo-
lus. Patency of both arteries should be demon-

strated to ensure collateral flow before a catheter
is placed.

The dorsalis pedis artery runs very superfi-
cially; therefore, care must be taken not to com-
press the artery with the transducer, which
occurs with minimal pressure in neonates and
infants.

This vessel should be approached at a shallow
angle of about 20° under POCUS using DNTP in
a short axis view (Figs. 31 and 32).

The posterior tibial artery takes a relatively
straight course in the distal leg and is readily
accessed just posterior to the medial malleolus.

Fig.32 2D image and color doppler of the dorsalis pedis artery in short and long axis views
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The POCUS-guided approach to cannulation is
very similar to that utilized for radial and ulnar
catheterization, as described above.

Ultrasound-Guided Umbilical
Venous Cannulation

Umbilical venous cannulation is the most com-
mon approach to obtaining central venous access
in critically ill neonates. Unfortunately, the tradi-
tional blind insertion technique fails in 25-50%
of newborns and has not meaningfully evolved in
many years. A novel, ultrasound-augmented
technique has recently been described, which
takes advantage of the superior acoustic proper-
ties of the liver and provides the operator with
real-time feedback on catheter position. Using
this technique, informed manipulations of the
catheter and portal venous anatomy can be made
throughout the access procedure, markedly
improving success [41].

Prior to beginning the procedure, the ductus
venosus (DV) should be assessed and patency con-
firmed. For intra-procedural imaging, a 4-12 MHz
linear array probe is recommended, as it affords
high spatial resolution and a wide field of view. A
cardiac phased array probe is also useful for
assessing DV patency, as it often offers improved
color signal. The probe is placed in the midline,
just below the xiphoid and in a sagittal orientation
(Fig. 33). The umbilical vein (UV) can be seen
anteriorly, running superiorly to meet the portal
sinus (PS) in the liver. Numerous left and right
portal veins, identified by their bright endothe-
lium, branch off from the PS and are the typical
sites of UVC malposition. The DV takes off
obliquely from the portal sinus, running superi-
orly, posteriorly, and slightly rightward to meet the
inferior vena cava at the inferior cavo-atrial junc-
tion. Imaging of the PS and DV may be improved
by rotating the transducer slightly counterclock-
wise and tilting the tail slightly to the left. Patency
of the DV is performed using color Doppler imag-
ing or agitated saline contrast (Fig. 34).

Fig. 33 Sagittal probe positioning for ultrasound-guided
UVC placement

The infant is positioned in the manner typical
for umbilical access. A wide sterile field should
be prepped from hips to nipples and out to the
anterior axillary lines. This allows for sterile
transabdominal imaging during catheter manipu-
lation, wusing a sterile transducer sleeve.
Alternatively, a second provider may image non-
sterilely under the drapes. Ultrasound provides
visual feedback that enables the operator to make
informed manipulations of the liver and catheter.
Vascular alignment may be improved by using
gentle posterior compression of the abdomen,
flattening the course from the UV through the PS
to the DV. Lateral mobilization of the liver away
from the side of malposition may also be helpful.
In addition to improving alignment, these manip-
ulations may also be used to occlude the orifices
of left portal veins, discouraging the catheter
from entering them and favoring successful cen-
tral UVC placement (Fig. 35).
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Transducer

Fig. 34 Ultrasound-guided umbilical venous cannula-
tion. (a) lateral X-ray demonstrating the path of a cor-
rectly positioned umbilical venous catheter. White box
corresponds to ultrasound imaging shown in panels b—e.
(b, e) Color doppler (b) and agitated saline contrast (e)
demonstrate ductus venosus patency; (¢, d) Sagittal ultra-
sound images demonstrating an umbilical venous catheter

Fig. 35 Technique to avoid portal veins and improve
alignment. Red lines indicate course of malpositioned
UVC into the left portal veins (small arrows) or right por-
tal veins (#). The green line indicates the desired course of

passing into a left portal vein (¢) and through the ductus
venosus into the right atrium (d). Note the flattening of the
trajectory from portal sinus to ductus venosus that occurs
with posteriorly directed liver pressure. Arrowheads indi-
cate the umbilical venous catheter (UVC). DV ductus
venosus, HV hepatic vein, LPV left portal vein, PS portal
sinus, RA right atrium, SDV subdiaphragmatic vestibule

Ultrasound
Transducer

the UVC through the portal sinus and into the ductus
venosus (*). Posterior compression of the abdomen as
seen in the right panel improves vascular alignment and
occludes the left portal vein orifices
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POCUS for Central Line Position
Evaluation

Several studies have questioned X-ray accuracy,
reporting a discordance of 20-40% when com-
pared to ultrasound assessment [42-45]. The
location of the central line tip by X-ray is based
on the relationship between the projection of the
tip and non-vascular radiological landmarks,
such as the carina, the vertebral bodies, and/or
the diaphragm. Therefore, radiography can be
misleading. POCUS can detect the position of the
tip inside the vasculature with precision and
should be considered as a standard practice for
revealing the central line tip position and catheter
migration [2]. Furthermore, acute clinical decom-
pensation with impending cardiac arrest, where
pericardial or pleural effusion is suspected due to
central line malposition, makes radiological
assessment extremely challenging. POCUS can
reliably provide this information in real time [46—
48]. For all these reasons, several studies and
guidelines recommend to adopt real-time ultra-
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sound as the “gold standard” to confirm correct
tip position [49-52].

ECCs and PICCs are often used in neonates and
the use of POCUS for their placement and monitor-
ing has been associated with fewer catheter-related
complications [20, 53]. The catheter is placed in
upper or lower extremity veins and the tip position
can be accurately found in the superior or inferior
cavo-atrial junction respectively (Fig. 36). The cath-
eter can be flushed with normal saline to sonograph-
ically visualize microbubbles from the tip, and thus
accurately confirm the tip position [42].

Centrally inserted central venous catheters
under ultrasound guidance are very common in
pediatric critical care and are becoming more
common in neonates since their placement is
technically possible even in extremely preterm
neonates as the vein diameter is sufficient even in
these tiny babies [20]. These catheters overcome
the aforementioned limitations of the ECCS and
PICCs and seem at lower risk of infection and
thrombosis while requiring a certain skill and
ultrasound proficiency [29].

Fig.36 (a)Long axis view of Superior Vena Cava. White
arrow shows PICC line tip at the superior atrio-caval junc-
tion. (b) Long axis view of the Inferior Vena Cava. White

arrow shows PICC line tip at the inferior atrio-caval
junction
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Introduction

Before the use of bedside ultrasound for proce-
dures, landmark techniques guided the procedur-
alist in choosing the optimal location for needle
puncture, with the goal of avoiding important
unseen structures and decreasing the likelihood
of complications. The use of real-time ultrasound
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guidance during minimally invasive procedures
reduces failure rates, need for multiple attempts,
and complications while procedural success
improves.

The improved success and safety of
ultrasound-guided vascular access techniques
utilizing direct visualization of vessel location
and catheter placement have been well-
demonstrated in the pediatric population. Data to
support ultrasound guidance of nonvascular
access procedures is more limited in pediatrics;
however, using the available pediatric data and
more abundant adult data, a proceduralist can
confidently use bedside ultrasound to improve
the safety of nonvascular access procedures in
children.
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Lumbar Puncture

A lumbar puncture (LP) is a common procedure
performed in pediatrics to aid in the diagnosis of
infection, inflammation, or malignancy or to pro-
vide therapeutic interventions for diseases of the
central nervous system. Traditionally, the surface
landmark technique has been used to obtain cere-
brospinal fluid (CSF), but failure rates of up to
65% have been reported with first-pass LPs [1,
2]. The inability to palpate landmarks such as the
iliac crest (corresponding to the L3-L4 space)
can lead to ineffective CSF acquisition, defined
as the inability to obtain CSF from the subarach-
noid space, or to obtain bloody CSF from a trau-
matic puncture. LP failure places patients at risk
for multiple and/or traumatic LPs, extended pain,
longer hospital stays, prolonged antibiotic use,
and other complications such as headaches,
hematomas, and CSF leaks [3-5]. The use of
bedside ultrasonography however offers a safe
alternative method of landmark identification for
improved procedural success.

Bedside ultrasonography is a rapid and effec-
tive tool used to identify and optimize interspi-
nous and subarachnoid spaces via direct
visualization of these anatomic landmarks. In
particular, ultrasound guidance can be useful in
infants who have incomplete ossification of bony
structures that surround the spinal canal.
Furthermore, ultrasound imaging can also be
used to identify anatomic structures or patho-
physiological processes necessary to avoid—
such as the conus medullaris or an intrathecal
hematoma—in order to achieve LP success.
Though the literature for the use of ultrasound
guidance for LP in pediatrics is limited, several
studies have demonstrated reduced numbers of
LP attempts, fewer traumatic LPs, decreased pain
and lower complications rate, and improved iden-
tification of insertion sites with the use of ultra-
sound [5-8]. However, these are single-centered
studies that require further investigation to con-
firm reproducibility and generalizability.

Due to the size and reduced ossification of
infant vertebrae, it is often possible to identify
spinal anatomic features such as the posterior
dura, epidural fat, ligamentum flavum, cauda
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equina, conus medullaris, and subarachnoid fluid
during preprocedural sonographic assessment
within this population (Fig. 1). Capturing these
images, the distance between interspinous pro-
cesses and the width of the subarachnoid space
can determine the depth of needle insertion and
angle of entry [9-13]. Images of vertebral struc-
tures will be more limited in older children and
particularly those with obesity, though apprecia-
tion of anatomy and alignment will still allow for
approximation of required needle insertion depth
and direction.

The technique to perform an ultrasound-guided
LP involves the following steps [6, 14, 15]:

1. Position the patient in a lateral decubitus posi-
tion with neck and hip flexion or a sitting
position with flexed hips. In one study of neo-
nates and children, a seated position versus
the lateral recumbent position was found to
provide the maximally positioned lumbar
spine [16].

2. Place the ultrasound probe midline over the
spine in the transverse plane at the level of the
iliac crests (Fig. 2a). On ultrasound, the spi-
nous process is outlined by a crescent-shaped
hyperechoic line with posterior acoustic shad-
owing (Fig. 2b). Mark transverse lines along
the plane of the probe. Providers may choose
to define where the end of the conus is as well
as where the spinal canal narrows for locating
optimal regions for cerebrospinal fluid
acquisition. If the probe has a centerline

Cerebrospinal_
Fluid

_ﬁSpin"aICord —
(Conus)

Cauda Equina

Fig. 1 Ultrasound image of longitudinal view of basic
spinal anatomy
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Fig.2 (a) Transverse probe position for lumbar puncture ~ Longitudinal probe position for lumbar puncture with
with markings. (b) Ultrasound image of lower lumbar — markings. (d) Ultrasound image of lower lumbar spine in
spine in transverse view with transverse processes longitudinal view. (e) Interconnected markings identify-
(arrows) and visualized cerebral spinal fluid (asterisk). (¢) ~ ing optimal location for cerebrospinal fluid acquisition

marker, a mark can be made to identify longi- patient’s head (Fig. 2c). In this plane, the
tudinal plane for planning. space between the spinous processes is the
3. Next, rotate the probe into the longitudinal interspinous space. Distal to the spinal pro-

plane with the probe indicator toward the cess and epidural fat lies in the posterior dura,
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a bright echogenic line separating the epidural
space from the intrathecal space (Fig. 2d).
Depth can be measured effectively in this
stage of procedural planning.

4. Remove the ultrasound probe and extend the
markings from the transverse and longitudinal
planes until they intersect. This intersection
represents the ideal location for needle inser-
tion (Fig. 2e).

In addition to infants, ultrasound guidance of
LPs can be useful in patients with abnormal anat-
omy or history of recent failed attempts. The
width of the subarachnoid space varies by loca-
tion and using ultrasonographic markings allows
for midline identification with more precision,
taking care to avoid epidural vessels that travel
laterally to the spinal canal.

Thoracentesis

Pediatric and neonatal intensivists often need to
perform a thoracentesis to evacuate a pneumo-
thorax or pleural effusion to improve source con-
trol, pulmonary physiology, or hemodynamics.
Pleural effusions in children most commonly
present as parapneumonic effusions or empy-
emas but other common causes of pleural effu-
sions in children are malignancy, renal disease,
trauma, heart failure, and systemic diseases [17]
(e.g., sepsis). Pneumothoraces are more frequent
events in neonates and very premature infants
compared to older children but when tension
physiology is present it is a medical emergency
for both populations [18, 19].

Assessment of suspected lung pathology
requiring drainage commonly utilizes chest radi-
ography. Interestingly, chest radiographs have a
sensitivity as low as 38% for detecting pleural
effusions and 46% for pneumothoraces but with
good to excellent specificity for both abnormali-
ties [20, 21]. A study by Lichtenstein et al. found
higher diagnostic accuracy with ultrasound
(93%) compared to physical exam (61%) and
chest radiography (47%). These data support the
increased use of lung ultrasound at the bedside to
improve the diagnosis of pleural effusions and

pneumothorax. Beyond improved diagnostic
accuracy, other benefits of ultrasonography
include the absence of radiation exposure as well
as convenience given its relative ubiquitous pres-
ence and portability in current acute care settings
[22]. Potential limitations of lung ultrasound
include the availability of trained personnel,
operator-dependent image acquisition, and lim-
ited image acquisition secondary to subcutaneous
air or body habitus.

Pediatric data on ultrasound-guided thoracen-
tesis and thoracostomy is limited. However, mul-
tiple adult studies support the use of ultrasound to
guide thoracentesis and improve procedural suc-
cess and decrease complications, mainly defined
as post-procedural pneumothorax [23-25]. The
British Thoracic Society states that ultrasound
must be used to confirm the presence of a pleural
fluid collection for the management of pleural
infection in children, and that ultrasound should
be used to guide thoracentesis and/or thoracos-
tomy tube placement [26].

Depending on the size of the patient, different
transducers may provide better visualization of a
pleural effusion. Small patients are likely best
visualized with a linear transducer when only a
depth of several centimeters is needed. Larger
patients are likely to be better served with a
phased array or microconvex transducer which
allows for visualization of deeper structures as
well as the advantage of a footprint that easily fits
between ribs. While the decision to perform a tho-
racentesis is more frequently based on clinical
indications, estimation of pleural fluid volume has
been performed using ultrasound. One approach
described in adult literature is to measure the
height of the effusion (from the diaphragm to the
meniscus of the effusion) and add this to the dis-
tance from the lung base to the apex of the dia-
phragm cupola. The sum of these measurements
in centimeters is multiplied by 70 to obtain an
estimated volume. One study found this equation
to have an accuracy of 83% with good interclass
correlation, although it was found to over-esti-
mate the volume of left-sided effusions [27].

When drainage of pleural fluid is indicated, it
can be both diagnostic and therapeutic. In gen-
eral, there are three approaches to thoracentesis:
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(1) blind landmark, (2) ultrasound marking or
static ultrasound guidance, and (3) real-time
ultrasound guidance. The “blind landmark™ tech-
nique uses the triangle of safety to define a safe
zone in which to perform the thoracentesis. The
triangle of safety is defined by the lateral pectora-
lis major anteriorly, the lateral latissimus dorsi
posteriorly, fifth intercostal space inferiorly, and
the base of the axilla superiorly. Performing a
thoracentesis within this triangle allows the pro-
ceduralist to be confident that they are above the
diaphragm and away from vascular structures
when the needle is passed above the superior
aspect of the rib, avoiding the neurovascular bun-
dle which runs along the inferior aspect of the rib.
However, this technique is associated with higher
rates of complications when compared to the
ultrasound-guided technique [23, 25]. The sec-
ond technique, “ultrasound marking,” involves
either sending the patient to radiology to have an
ultrasound performed or performing the ultra-
sound at bedside after which a “mark” is placed
at the site assessed to be best for accessing the
fluid [26].. It was noted in one study that there
were similar rates of pneumothorax between
radiology marking with ultrasound and the “blind
landmark™ technique [24], potentially related to
changes in patient position between when the
marking was performed and when the procedure
was performed. Thus, we suggest marking take
place  immediately prior to  procedure
performance.

The ultrasound-guided technique is where the
proceduralist uses ultrasound at the bedside to
identify the optimal location for drainage and
directly visualizes needle entry into the pleural
space. The first step is to position the patient so
that the fluid accumulates in a dependent and eas-
ily accessible area. This is usually done using one
of two different methods: to have the patient
supine in a semi-recumbent or lateral decubitus
position, or in a seated position. A semi-
recumbent or lateral decubitus position is often
necessary in a critical care setting when patients
may be intubated or immobile and allows for
accessing the fluid along the mid-axillary line. A
posterior “zone of safety” can be defined as
maintaining a safe distance from the spine (about

5 cm in an adult-sized patient), staying above the
ninth rib, and being posterior to the posterior
axillary line. The proceduralist should choose the
position that optimizes their chance of procedural
success, patient comfort and should be made with
consideration of other factors (e.g., age, mobility
of patient, sedation strategy, comfort of proce-
duralist, respiratory support, and decision of tho-
racentesis alone or thoracentesis  with
thoracostomy tube placement, etc.).

Regardless of positioning choice, the proce-
duralist uses ultrasound to assess the triangle or
zone of safety with the patient in the same posi-
tion as when the procedure will be performed.
The proceduralist chooses the appropriate trans-
ducer for the patient size, chooses the appropriate
preset (an abdominal preset is often ideal) on the
ultrasound machine, and assures that the machine
is plugged in and cleaned. By convention, the
probe position indicator is oriented toward the
patient’s head and the position indicator on the
screen should be on the upper left-hand side. This
means that when looking at the ultrasound screen,
superior objects (e.g., patient’s head) are located
on the left side of the screen and inferior objects
(patient’s feet) are located on the right side of the
screen. Similarly, anterior structures (structures
closest to the transducer) will be at the top of the
screen while posterior structures will be toward
the bottom of the screen. Starting with the fifth
intercostal space, the proceduralist verifies that
the diaphragm is indeed at that level and if not,
carefully identifies the location of the diaphragm.
Next, the effusion is identified, most easily as a
large anechoic space above the diaphragm, some-
times with additionally seen atelectatic lung
(Fig. 3a). The site of aspiration should contain at
least 1-2 cm of pleural fluid depth, be absent of
intervening lung during inspiration and minimize
risk of puncturing other structures by attempted
direct visualization (heart, liver, spleen) [28]. It
can be helpful to mark the level of the diaphragm
at exhalation with a pen as well as mark the cho-
sen site of aspiration (Fig. 3b).

While acquiring images, the proceduralist
should adjust the gain and depth so that fluid
remains anechoic (not over-gained) and that the
depth allows visualization of any lung deep to the
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Fig.3 (a) Ultrasound image of pleural effusion with anatomic landmarks. (b) Marking on a patient of diaphragm loca-

tion and optimal site for needle insertion

pleural effusion. From here, the proceduralist
moves the transducer increasingly superiorly,
assessing the quality of the effusion and deter-
mining the optimal rib space which maximizes
fluid removal while maintaining safety above the
diaphragm. An orthogonal view should be
obtained at the rib space chosen for thoracentesis
to assess the effusion in a different dimension.
Care should be taken while obtaining images that
the transducer remains perpendicular to the chest
wall in order to capture images that truly reflect
the size and depth of the pleural effusions and
proximity to other structures. If the patient
requires repositioning between the initial ultra-
sound assessment and performing the procedure,
the proceduralist should make sure to reassess the
triangle or zone of safety and choice of puncture
site. In addition to documenting ultrasound clips
of the pleural effusion, the proceduralist should
acquire bilateral anterior lung ultrasound images
with the patient in a supine position, preferably
with a linear transducer. These images provide a
comparison of images acquired after the proce-
dure which may help determine if there is a post-
procedure pneumothorax.

Next, the proceduralist should prepare the
patient for the thoracentesis with or without tho-
racostomy tube as per their institutional standard
and determine a sedation and/or analgesia plan.

After adequate sedation/analgesia is achieved,
the proceduralist is ready to perform the thora-
centesis. As opposed to vascular access, most
thoracenteses are done with static ultrasound
guidance and not with real-time dynamic ultra-
sound guidance [29, 30]. Currently, there is not
enough data to recommend real-time ultrasound
guidance for thoracentesis for increased safety.
However, there may be a benefit to real-time
guidance for small or difficult-to-access pleural
effusions [30, 31]. To use real-time ultrasound
guidance, the proceduralist can switch to a linear
transducer (if not used previously) and place it in
the chosen intercostal space. If desired, a small
lidocaine needle can then be slowly advanced-
using a similar technique to vascular access—
either in-plane or out-of-plane to numb the track
for the thoracentesis. As the needle advances, the
proceduralist continue to aspirate and then inject
lidocaine until there is aspiration of pleural fluid.
The needle can be directly viewed entering the
pleural space using this technique and provides
validation of the appropriateness of aspiration
site. A similar process can be used to advance the
thoracentesis needle with ultrasound guidance.
There are no clear guidelines for how much
fluid can be safely drained in a pediatric thora-
centesis. There are adult studies that support the
removal of less than 1.5 L to reduce complica-
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tions including re-expansion pulmonary edema
[32]. Removal of greater than 2 L of fluid was
associated with 3—6 times higher rates of compli-
cations in one study [32]. Additional findings to
limit fluid removal or to stop the procedure
include increased resistance to fluid removal,
patient intolerance, coughing, tachycardia, or
tachypnea.

A tension pneumothorax is a medical emer-
gency and requires rapid diagnosis and treatment.
Bedside ultrasound can provide a rapid assessment
and diagnosis of a pneumothorax. Two articles
reported 100% sensitivity and specificity of lung
ultrasound to diagnose pneumothorax in term and
premature infants [33, 34]. With this improved
diagnostic assistance, a provider can move more
confidently to perform an urgent or emergent nee-
dle decompression, using the usual approach of an
angiocath (often a 20 g will work well), three-way
stopcock, and large syringe in the midclavicular
line of the second intercostal space. This approach
can allow for rapid evacuation of air and improved
hemodynamics while preparing for definitive
treatment with a thoracostomy tube.

Pericardiocentesis

Cardiac tamponade is a life-threatening compli-
cation when pericardial fluid accumulation leads
to increased intrapericardial pressures and circu-
latory collapse [35]. While the clinical signs and
symptoms of cardiac tamponade include elevated
jugular venous pressures, muffled heart tones,
hypotension, tachycardia, dyspnea, and pulsus
paradoxus, the clinical presentation is predeter-
mined by the rapidity and/or volume of fluid
accumulation and the etiology of the underlying
disease [36]. For these reasons, prompt recogni-
tion is essential for directing treatment that favors
beneficial outcomes.

Echocardiography is the standard of care to
confirm the presence of pericardial effusion and
its hemodynamic impact [37]. 2D echocardiogra-
phy or focused cardiac ultrasound can unveil
characteristic features of cardiac tamponade
including right atrial collapse in late diastole/
early systole, right ventricular collapse during

early diastole, exaggerated mitral and tricuspid
valve in-flow velocities, and a plethoric IVC with
minimal change with respiratory variation [35,
37, 38].

Pericardiocentesis under echocardiographic/
ultrasound guidance is the definitive treatment
for the management of symptomatic pericardial
effusions. Simple and safe, ultrasound-guided
percutaneous pericardial puncture can be per-
formed rapidly at the bedside for unstable patients
under emergency conditions. In adults, the use of
ultrasound to visualize adjacent structures, deter-
mine the optimal site of puncture, estimate dis-
tance from chest wall to effusion, and guide
needle advancement yields a higher rate of suc-
cess and a lower rate of complications when
compared with traditional landmark techniques
[39, 40]. When pericardiocentesis is performed
without sonographic or fluoroscopic guidance,
mortality is relatively high (6%) and the risk of
complications such as pneumothorax, cardiac
wall perforation, and damage to other vital organs
is even higher (20-50%) [40-42]. In contrast,
among large-center observational studies, the
rate of major complications reported for ultra-
sound- or fluoroscopic-guided pericardiocentesis
is 0.3-3.9% and the rate of minor complications
reported is 0.4-20% [40, 43, 44]. Death, perfora-
tion of the cardiac chambers, laceration of coro-
nary or intercostal vessels, puncture to the lung or
abdominal viscera, ventricular arrhythmias, and
pericardial decompression syndrome are the
most serious complications after pericardiocente-
sis. Minor complications include transient hypo-
tension and bradycardia, supraventricular
arrhythmias, pneumothorax without tension
physiology, and pleuro-pericardial fistulas.

Tsang et al. demonstrated that echocardio-
graphically guided percardiocentesis was found
to be safe and effective for pediatric patients with
a2 99% success rate (93% on the first attempt) and
1% major complication rate [45]. Despite these
data, small children present a challenge to safely
perform pericardiocentesis. Additionally, rela-
tively small effusions that cause hemodynamic
compromise leave little space between the outer
rim of the effusion and the myocardium for safe
needle entry [46].
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The technique to perform an ultrasound-
guided pericardiocentesis involves the following
steps:

1. Position the patient in a semi-recumbent posi-
tion at a 30°—45° angle, allowing the heart to
come closer to the anterior chest wall.

2. Use the cardiac phased array ultrasound trans-
ducer to evaluate the size, distribution, and
hemodynamic impact of the pericardial
effusion.

3. There are several sites for pericardial access
in the left chest. The three main approaches
are (1) apical, (2) parasternal, or (3) subxi-
phoid [40, 41, 43, 44, 47-49]. In adults, peri-
cardial access is most frequently obtained in
the apical (63%) approach over the subxi-
phoid (15%) or parasternal (14%) approaches
and several observational studies showed
that the left chest approach was superior to
the traditional subxiphoid approach [40, 46,
49, 50]. In infants and children, the ultra-
sound technique most commonly employed
for puncture involves the subxiphoid
approach, as the parasternal and apical
approaches have not been studied in this
population [45, 51].

(a) Apical: The ultrasound transducer is
placed at the point of maximal impulse
and aimed toward the patient’s right
shoulder. The needle insertion site is
1-2 cm lateral to the apex of the heart,
within the fifth to seventh intercostal
space, taking care to enter above the rib to
avoid the neurovascular bundle. Advance
the needle over the superior border of the
rib to avoid intercostal vessels and nerves
[52].

(b) Subxiphoid: The needle insertion site is
between the xiphisternum and the left
costal margin. Once inserted, lower the
angle to 15°-30° and direct the ultra-
sound transducer to the patient’s left
shoulder [52].

(c) Parasternal: The needle insertion site is
next to the sternal margin in the fifth
intercostal space. Ensure the needle enters
above the rib to avoid the neurovascular

bundle. Locate and avoid the internal
mammary arteries which are lateral to the
sternum. Advance the needle perpendicu-
lar to the skin [52].

4. Among these puncture sites, use the ultra-
sound probe to locate the point where the
effusion is closest to the transducer and the
fluid collection is the most extensive, to mini-
mize the risk of cardiac perforation and injury
to other neighboring structures [41].

5. The needle trajectory is defined by the angula-
tion of the transducer, and a direct trajectory is
chosen to avoid vital organs such as the myo-
cardium, liver, and lung.

6. For immediate evacuation of pericardial fluid
and after appropriate disinfection, insert a
long 18-22 gauge needle attached to a saline
syringe in the direction of the pericardial
fluid, continually aspirating as the needle is
advanced. Advance the needle 1-2 mm at a
time until fluid is aspirated. Confirm needle
tip position in the pericardial space via direct
visualization under ultrasound. Once con-
firmed, advance the cannula into the pericar-
dial space, attach a three-way stopcock, and
remove fluid. For indwelling pericardial cath-
eter placement, seek expert consultation for
placement via Seldinger technique.

Echocardiography/ultrasound-guided pericar-
diocentesis is the first-line therapy for life-
threatening cardiac tamponade. It can be
performed swiftly and adeptly at the bedside and
is a clinical tool that provides a simple safe alter-
native to less effective traditional landmark tech-
niques, with fewer complications and proven
success.

Paracentesis

Paracentesis is less frequently performed in pedi-
atrics compared to adults. In fact, best practices
around pediatric paracentesis are usually dictated
by individual or institutional experience since
there is limited pediatric data to guide practice
guidelines. In adults, paracentesis is infrequently
associated with complications [53-55], but com-
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plications may have significant effects on clinical
outcomes. The necessity of preprocedural ultra-
sound has not been established in pediatrics, [54,
56] however adult literature has shown a benefit
to ultrasound guidance and recommends its use
when available [56-58].

Using the landmark technique, the child is
placed in the supine position and the procedural-
ist percusses the abdomen to assess for dullness
representing fluid. The abdomen should be
assessed for surgical scars and these should be
avoided to reduce the risk of puncturing potential
underlying bowel adhesions. The needle inser-
tion site is usually located either in the right or
left lower quadrant identified by two finger-
breadths medial and cephalad to the anterior iliac
spine, or is done in the midline through the avas-
cular linea alba about half-way between the
umbilicus and pubic symphysis. It is important to
choose a site, which will avoid the inferior epi-
gastric arteries (IEA), whose anatomic course is
2 cm lateral from midline under the rectus
abdominis in the adult patient.

Ultrasound can augment the landmark
approach and allow the proceduralist to assess
and optimize the needle insertion site and guide
the paracentesis for successful aspiration of fluid
and decreased likelihood of complications.
Nazeer et al. demonstrated a 95% success rate
with ultrasound versus 63% success rate without
ultrasound use, respectively [59]. Ultrasound can
help identify the largest pocket of fluid and vali-
date that the fluid is free floating in the abdomen
and not contained in a cystic structure (e.g., fluid-
filled bowel, bladder, or bladder cyst). The largest
pocket of fluid can be assessed for the absence of
bowel, vascular structures, enlarged spleen, or
other organs that could overlay the fluid. The
chosen puncture site should be viewed in two
orthogonal planes and the depth of the ascites,
thickness of the abdominal wall, and positioning
of other important structures should be noted.
The IEAs can be directly visualized and avoided
[60, 61] instead of relying solely on anticipated
anatomy. Using a high frequency or linear trans-
ducer, the IEA may be visualized in the lower
abdomen in the mid-inguinal line and proceeding
superomedially toward the umbilicus [61]. The
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IEAs usually appear as round, pulsatile
hypoechoic structures flanked by two inferior
epigastric veins (Fig. 4). Color or pulse wave
doppler can be placed over these structures to
help confirm the artery. Once identified, a marker
can be used to trace out the course of the IEA to
assure the proceduralist of its location.

A Z-tract technique can be used to decrease
the likelihood of a fluid leak post-procedures
[54]. If using ultrasound for dynamic needle
guidance, the needle can be introduced obliquely
from a lateral approach into the peritoneal cavity
with the probe oriented longitudinally over the
needle. Similar to the Z-tract approach, the
oblique approach helps to reduce the chance of
leakage. A temporary catheter can be placed once
the fluid space is accessed using a modified
Seldinger technique. After placement, the cathe-
ter can be visualized in the abdominal cavity with
ultrasound to confirm positioning. (Fig. 5).

Some of the most serious complications of a
paracentesis are inadvertent puncture of the IEA,
other peritoneal blood vessels, or underlying
bowel. Mercaldi et al. showed in adults that the
overall risk of bleeding complications in paracen-
tesis could be lowered even further with ultra-
sound guidance from 1.25 to 0.27%. In this same
study, bleeding complications from paracentesis
were associated with a more costly hospital stay
and with a mortality of 12.9% versus 3.7% for
those receiving a paracentesis without bleeding
complication [57].

Irﬁerior

Inferior 5
epigastric - Umbilical
vein Artery

epigastric
vein

Fig. 4 Inferior epigastric artery and veins
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Fig. 5 Abdominal drainage catheter (arrow) visualized
within the peritoneal cavity

Suprapubic Bladder Aspiration
and Urethral Catheterization

Diagnostic evaluation of febrile neonates or young
children often requires a clean sample of urine,
which can be obtained through urethral catheter-
ization (UC) or suprapubic bladder aspiration
(SPA). Both of these procedures are invasive and
uncomfortable. For both UC and SPA, multiple
studies have found that the use of ultrasound
improves the likelihood of obtaining urine on the
first attempt merely by making sure that there is
urine in the bladder before an attempt is made.
Reported improvement in first-time success rates
of UC or SPA, increased from 52-72% without
ultrasound to 79-100% with ultrasound [62—-67].

When urine is unable to be obtained from UC,
SPA can be performed to obtain sterile urine for
culture. The bladder usually lies posterior to the
pubic symphysis and anterior to the uterus/rec-
tum. An SPA with ultrasound guidance should be
avoided in patients with genitourinary abnormal-
ities, infections of the abdominal wall, clinically
significant ~ coagulopathy, = and  massive
organomegaly.

This is one approach to performing a suprapu-
bic aspiration:

1. Choose a transducer which can best visualize
the entire bladder. Often a low-frequency cur-
vilinear or phased array transducer will work
best.

2. Use the transducer to visualize the bladder
and confirm that there is enough urine present
to optimize success.

(a) Place the child in a frog-leg position and
place ultrasound gel about 1-2 cm above
the pubic symphysis

(b) Place the transducer just above the pubic
symphysis and fan down into the pelvis to
view the bladder

(c) Obtain a view of the bladder in short
(anterior/posterior) and long(superior/
inferior) axis. Many ultrasound machines
have calculation packages which will cal-
culate the urine volume by measuring
height, width, and depth (Fig. 6a, b). One
study used a 1 cm x 1 cm measurement of
the bladder as a minimum for performing
an SPA in neonates [66] but some provid-
ers recommend that the bladder measure
at least 2 cm in all dimensions to ensure
having an adequate volume for needed
urine studies [68].

3. Sterilely prepare the abdomen and anesthetize
the anticipated access site

4. Use a small needle (e.g., 23 gauge) attached to
a syringe. Visualize the bladder in short axis
with the ultrasound transducer about 1-2 cm
above the pubic symphysis. Insert the needle
just inferior to the transducer maintaining a
perpendicular angle to the abdomen (which
may appear to be about a 10-20° angle from
true vertical).
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Fig. 6 (a) Bladder measurements in transverse view of the bladder (height and width). (b) Bladder measurement in

longitudinal view of the bladder (depth)

Fig. 7 Ultrasound of the needle tip (arrow) within the
bladder during suprapubic aspiration

5. Use a similar technique to IV or central line
placement (e.g., “step-down” technique), and
slowly advance the needle until it is seen
puncturing the bladder with the return of
urine. The needle tip should be easily visual-
ized if the bladder is obstructed and therefore
fluid-filled (Fig. 7).

Conclusion

Critical care providers continue to need to weigh
the risks and benefits of performing various pro-
cedures in critically ill children. Evidence in both
pediatric and adult patients supports the use of
ultrasound to guide procedures beyond vascular

access to improve provider performance and
patient safety. Proceduralists should continue to
develop ultrasound skills to assess anatomy and
pathophysiology and to guide their needle across
commonly performed procedures within respec-
tive domains of clinical practice.
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Introduction

The use of point-of-care ultrasound (POCUS) for
evaluating patients receiving extracorporeal mem-
brane oxygenation (ECMO) support is controver-
sial. Loading conditions of the heart change on
venoarterial ECMO and cardiac motion measured
using traditional echocardiography reflects not
just myocardial health but rate of blood removal
from the heart. This consequently affects quanti-
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tative measurements, limiting its diagnostic
assessment of cardiac function, a common indica-
tion for echocardiography on ECMO patients [1].
Despite limitations to quantitative physiologic
assessment, ultrasound readily visualizes ECMO
cannulas. Further, cardiac anatomic consider-
ations and diagnostic applications in evaluating
ECMO complications are nonquantitative appli-
cations that are clinically meaningful.

The American Society of Echocardiography
has described multiple indications for echocar-
diographic assessment of the ECMO patient [2].
These include:
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1. Precannulation diagnosis of reversible causes
of hemodynamic instability

2. Cannula positioning

3. Identification of septal defects

4. Identification of complications including tam-
ponade, thrombosis, left atrial and left ven-
tricular decompression

5. Monitoring during ECMO weaning including
the assessment of valvular function and
changes in ventricular function

These applications suggest arenas where
echocardiography, and potentially POCUS as
employed by the intensivist, could facilitate rou-
tine ECMO management in conjunction with
other assessment modalities throughout all
phases of caring for an ECMO patient.

Precannulation

In the precannulation setting, ultrasound can be
instrumental in helping identify important issues
pertinent to ECMO candidacy. This includes the
identification of vessel patency for candidate can-
nulation sites. Candidate vessels should be able
to accommodate appropriately sized cannula at
their narrowest cross-sectional dimension. The
decision to dilate narrowed vessels is left to the
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Fig. 1 Transverse measurements of right internal jugular
(IJ) vein and carotid artery dimensions at the level of the
bifurcation of the head of the sternocleidomastoid mus-
cles. (a) Linear dimensions demonstrate approximate
horizontal (1) and vertical (2) measurements of the carotid
artery (a) consistent with a diameter of approximately
7.8 mm (~24F) and discrepant 1J horizontal (3) and verti-
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discretion of the
cannulation.

Another fundamental ultrasound application
in ECMO candidacy is identifying life-
threatening bleeding in potential spaces such as
the thorax, peritoneum, and potentially the extra-
axial space around the brain if hematoma vol-

umes are sufficient and visualizable.

provider  performing

Venous Cannulation

Venous cannulation with a single or dual-lumen
cannula can be assisted using traditional trans-
verse or longitudinal views on ultrasound of the
internal jugular vein. Similarly, femoral cannula-
tion using a single lumen cannula is also possible
using these views. In both percutaneous and cut-
down approaches, estimates regarding appropri-
ate cannula size can be performed with ultrasound.
Diameter measurements of venous structures are
challenging due to their cylindrical shapes.
Accurate measurements are best achieved by
ensuring the probe is perpendicular to the axis of
the vessel from external inspection and measur-
ing the circumference of the vessel using mea-
surement tools commonly available on ultrasound
equipment (Fig. 1). Since this circumferential
measurement (Circumference = 7 x Diameter)

cal (4) measurements of 13.7 mm and 0.77 mm, respec-
tively. (b) Circumferential measurements of the vessels
yield a carotid circumference of 24.3 mm, identical to the
French size estimated with the diameter measurement
above, and an 1J dimension of 35.2 mm which suggests a
35F device would fit in the vessel in the area visualized
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approximates French size (equal to 3 x Diameter),
it will more likely give a sense of appropriate
cannula dimension than a simple linear diameter
measurement. The course of the vessel should be
visualized as much as possible transcutaneously.
Visualization of the superior vena cava (SVC)
and right atrium (RA) is facilitated by trans-

esophageal echocardiography using mid-
esophageal and transgastric views. During
ultrasound-guided percutaneous cannulation,

providers can identify posterior luminal wall
puncture of the vein which may increase the risk
of bleeding complications in the event of convert-
ing to a cut-down approach. In the case of need-
ing to access or repair the venotomy in the future,
selecting a site where vascular puncture is cepha-
lad enough in the neck for a surgical approach
should be considered.

Arterial Cannulation

Arterial cannulation in venoarterial ECMO can
be approached with ultrasound in a similar man-
ner to venous cannulation with the exception that
a simple diameter measurement, multiplied by
three, is sufficient for approximation of the
carotid or femoral artery dimension given that the
profile of the artery is more circular. Exceptions
may exist in situations of atypical or distorted
anatomy, where sizing is at the discretion of the
cannulating operator.

Cannulation

During cannulation, transthoracic echocardiogra-
phy is often impractical without prior coordina-
tion with the cannulating team. Transesophageal
echocardiography is possible with an experi-
enced operator. Transthoracic imaging can be
performed below a sterile field by an ultrasound
operator or above the sterile field by the surgical
team.

A right ventricular (RV) inflow view (Fig. 2)
is helpful for identifying a venous side cannula
and its depth of insertion into the heart. Subcostal
inferior vena cava (IVC) longitudinal and trans-
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Fig. 2 Right ventricular inflow view with venous side
cannula inserted from the right internal jugular vein.
Cannula is marked with asterisk (*). RV Right Ventricle,
RA Right Atrium, TV Tricuspid Valve

verse views are useful for identifying the position
of the cannula tip as it approaches the inferior
cavoatrial junction. Conventions for depth of
insertion are often center-dependent and may
vary between the placement of the tip above the
cavoatrial junction to several centimeters distal in
the IVC. Color Doppler is instrumental in assur-
ing that the return jet from a dual-lumen cannula
is aimed at the tricuspid valve using both sagittal
(RV inflow) and axial (subcostal transverse IVC)
views. Ultrasound can also be used to visualize
femoral cannulation as the cannula ascends the
IVC to terminate near the inferior cavoatrial
junction (Fig. 3). Views of the central veins may
be possible from the right neck down to the
cavoatrial junction in cases of severe pulmonary
consolidation or effusions, chest masses, and
other situations where air has been evacuated
from the thoracic space overlaying the SVC.
Views of the aorta can be obtained for venoar-
terial cannulation as well. High parasternal cervi-
cal views are often not possible during cannulation
due to proximity to the cannula insertion site. To
visualize the aortic arch, the probe can be placed
in the patient’s left or right parasternal region at
the level of the sternal angle. The probe should be
oriented longitudinally to capture the entire
course of the ascending aorta, and with the probe
face pointing towards the patient’s left scapula if
they have a normal arch orientation (Fig. 4). If
the arch is not visualizable from this plane, a
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Fig. 3 IVC view of venous side cannula inserted via
common femoral vein. Cannula is marked with asterisk
(*). IVC Inferior Vena Cava, HV Hepatic Vein, RA Right
Atrium

Fig. 4 Aortic arch view of the arterial cannula. Cannula
is marked with asterisk (¥). AAo Ascending Aorta, BCA
Brachiocephalic Artery, TAo Transverse Aortic Arch

suprasternal view may be possible but extension
of the neck for imaging is highly discouraged.
The tip of the arterial return cannula should be
positioned at the takeoff of the right brachioce-

phalic artery, which is the first branching artery
of the aorta above the coronaries. A low cannula
that propels blood against the aortic valve is del-
eterious to cardiac recovery.

ECMO Complications
Myocardial Function

Left ventricular (LV) failure on ECMO is a rec-
ognized complication caused by an inability of
the ventricle to tolerate afterload and is character-
ized by progressive dilation and dysfunction with
resultant increased wall stress and ischemia. This
may progress to the point at which recovery is
improbable. To mitigate this, ECMO teams may
employ one of several interventions. These
include Rashkind atrial septostomy in the young
patient, and central LA venting through a ster-
notomy. Identification of an atrial septal defect
depends upon a detailed examination of the atrial
septum using multiple views and comprehensive
diagnostic echocardiography is recommended
for this assessment. Other proposed interventions
have included pulmonary artery cannula place-
ment for which some ventricular assist devices
and ECMO cannula options are available.

In evaluating this phenomenon, the left heart
will be unable to eject against the blood pressure
necessary to sustain life and standard cardiac
ultrasound views from the parasternal, apical,
and subcostal windows reveal progressive left
ventricular and atrial dilatation and myocardial
dysfunction progressing to cardiac standstill irre-
spective of the function of the right heart. Cardiac
ultrasound provides a readily accessible assess-
ment tool at the bedside for serial monitoring of
cardiac motion and chamber dilatation.

Tamponade

Tamponade physiology due to pericardial effu-
sion is potentially challenging on ECMO as tra-
ditional signs of tamponade are potentially
obscured by issues related to ECMO. For
instance, the presence of cannulas at the inferior
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cavoatrial junction may interfere with the assess-
ment of IVC distention. Right atrial pressures
may not be elevated in venoarterial ECMO, and
ventilatory strategy and lung compliance may
affect the assessment of atrioventricular valve
inflow velocity. In contrast, circuit performance
is potentially reassuring on venovenous ECMO
in spite of hemodynamic instability [3]. In the
published literature, tamponade often appears
confirmed by precipitous hemodynamic insuffi-
ciency [4, 5]. In these cases, ultrasound is fre-
quently a confirmatory modality for making a
time-sensitive diagnosis in cases where other
clinical data was unclear, particularly in cases of
cardiac perforation by the ECMO cannula [6].

Pulmonary Consolidation,
Pneumothorax, and Effusions

Extremes of pulmonary aeration are readily visu-
alizable using ultrasound. Consolidation, particu-
larly in patients receiving ECMO for respiratory
reasons, may be dramatic and can appear as
extensive hepatization of the pulmonary paren-
chyma permitting visualization of intrathoracic
structures with little air artifact. A pneumothorax
can be visualized and diagnosed with ultrasound
as well, though pleural sliding might either
become less apparent due to decreased lung com-
pliance and movement with tidal volume or more
apparent because consolidation permits easier
visualization. Radiographic correlations are rec-
ommended for procedural intervention for pneu-
mothoraces and effusions to assess the depth of
device insertion, though ultrasound can provide
real-time guidance in percutaneous procedures
that may reduce the likelihood of an inadvertent
bleeding injury.

Similar to pneumothorax, ultrasound applica-
tions for identifying pleural and pericardial effu-
sions can also be applied to assess patients before
or after cannulation (Fig. 5). Procedures for
addressing these collections also benefit from
correlating X-rays, as well as active procedural
guidance for percutaneous drainage while on
ECMO.

Fig.5 Hemothorax in a child on ECMO with acute hypo-
tension. Ultrasound identified a location of pulsatile
bleeding from the lung which was the source of the acute
hemothorax and etiology of hemodynamic instability

Thrombosis and Spontaneous
Contrast

Ultrasound reflections occur at boundaries
between media that differ in acoustic impedance,
which in turn is dependent on density and speed
of sound in the medium. Within blood, presum-
ing the speed of sound is approximate throughout
the volume, a primary factor affecting its echo-
genicity is therefore density. Changes in blood
density from infusions or coagulation are visual-
izable using ultrasound. Acute changes can occur
from both continuous and bolus infusions, as
well as from sluggish flow leading to the
increasing density of pooled or static blood. This
can result in echogenicity in the blood known as
spontaneous contrast (Fig. 6). This is commonly
seen in infusions as particulate-appearing bright
echogenic speckles in the blood flow and it may
also appear in areas where blood is pooling with
little flow as may be the case in severe LV failure
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Fig. 6 Spontaneous contrast in the LV of a patient with
severely depressed LV systolic function denoted by aster-
isk (*), modified subcostal 4-chamber view

or cardiac arrest. Air may also appear as echo-
genic speckles in the blood flow from infusions
and commonly travels away from gravity and
casts air artifact below it.

Blood pooling in cardiac chambers may prog-
ress to echogenic masses and early-on might
remain liquid, as evidenced by postmortem
examination, but remain indicative of the severity
of illness [7]. In vascular spaces, thrombosis may
appear at varying levels of echogenicity and brief
and limited compression is recommended for
elucidating whether the clot is solid. Repeated
compression may cause thrombosis to embolize
and is therefore discouraged. Blood stasis is the
first part of Virchow’s Triad as a significant risk
factor for thrombosis, and in hemodynamic fail-
ure necessitating ECMO thrombi can of course
appear  anywhere in  the  circulation.
Anticoagulation has a fundamental role in ECMO
management. Therefore, ultrasound assessments
for thrombi throughout the vascular system are
useful and akin to other deep vein thrombosis
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visualization techniques used in non-ECMO
patients. Ultrasound of ventricular assist devices
[8] has also been proposed for device monitoring
including membrane function and valve compe-
tence. Findings of thrombi require multidisci-
plinary management in ECMO and therefore full
diagnostic imaging by consulting services is
likely helpful in cases where a suspected throm-
bus is identified.

De-Escalation of ECMO

Weaning ECMO with ultrasound guidance is rel-
evant primarily in ECMO for hemodynamic
causes in the absence of right heart failure. A
stepwise de-escalation of support incorporating
periodic serial imaging for evaluation of left and
right heart function, and aortic valve opening in
accordance with institutional protocol is a gener-
ally accepted approach. Findings consistent with
worsening heart failure during reduction of sup-
port would be suspicious for a wean failure. Use
of apical windows permits monitoring the func-
tion of each side of the heart, as well as the free-
dom to Doppler both ventricular inflows and
outflows. Regarding quantitative measures useful
for ECMO, a 21 patient prospective series of
children receiving ECMO for hemodynamic sup-
port demonstrated that only augmentation of LV
outflow tract velocity integral with ECMO sup-
port wean was predictive of cardiac survival in
comparison to other quantitative 2D markers and
strain [1]. Similar findings have been noted in
adult ECMO patients as well [9].

Conclusion

Ultrasound is well-suited to imaging of an ECMO
patient in terms of practicality and relative opera-
tional safety. Multiple applications in hemody-
namic and respiratory support evaluating cardiac
and pulmonary health are useful for caring for the
ECMO patient. Clinicians should interpret full
quantitative echocardiography findings with cau-
tion given alterations in cardiac loading status
while on ECMO however this is a developing
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field. Additional investigation is warranted into
the efficacy and utility of ultrasound, including
both traditional echocardiography as well as
POCUS applications guided by the intensivist, in
augmenting care of the pediatric ECMO patient.
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Table 1 Translating the Kern model of curricular devel-
opment to focused ultrasound curricular development

Ultrasound curricular
considerations
Identify the role of
ultrasound in local
clinical practice (why)

Kern model

1. Problem identification
and general needs
assessment

Assess the needs of the
patient and the provider
within practice context
(what)

Goals and objectives to
encompass provider,
patient, and program
Embrace adult learning
theory to develop provider
competence (how)
Building an infrastructure
to translate training to
clinical practice
(structure, process)

2. Targeted needs
assessment

3. Goals and objectives

4. Educational strategies

5. Implementation

Outcome measures for
providers, patients, and
programs

6. Evaluation and
feedback

These guidelines emphasize the need to develop
training curriculum and certification/accreditation
process specifically for neonatologists and pediat-
ric intensivists. Yet, how to train providers is depen-
dent upon what to train providers. Thus, the first
step in training is to define relevant applications
which will lead to curricular learning objectives.
Educators tasked with developing curriculum early
in the adoption of focused ultrasound relied upon
their own knowledge of ultrasound and their
respective context of practice to determine applica-
tions and objectives.

Education necessarily embraces elements
beyond simply defining the scope of clinical prac-
tice. The Kern model of curricular development can
be used to outline key requirements for effective
educational delivery [1]. This model highlights six
important elements in medical curricular design
that are adaptable to bedside ultrasound training for
pediatric critical care providers (Table 1) and is a
useful framework for developing an ultrasound
educational model. Data suggest that POCUS edu-
cation is most effectively delivered when programs
have robust infrastructural support mechanisms as
discussed in Chap. 22: “Current and Future
Challenges to Ultrasound Adoption in Clinical
Practice”. Thus, this chapter will focus on the first
four elements within Kern’s model.

Problem Identification and General
Needs Assessment

The first element in designing a curriculum is
problem identification and general needs assess-
ment which helps to identify how ultrasound
might impact our clinical practice. Once a cohe-
sive argument can be made that ultrasound is
likely to improve provider performance and
patient outcomes within a domain of practice,
there can be buy-in from stakeholders at all levels
including the provider, division, department, and
institution. This multilevel, multidisciplinary
approach to structuring and implementing an
ultrasound program likely offers the greatest
opportunity for success and sustainability. We
believe that the content of this book speaks for
itself. Point of care ultrasound in the hands of
non-radiology-based  clinicians  (i.e., non-
cardiology, non-radiology specialists) indisput-
ably impacts and improves the care we provide
patients, with new applications tailored to varied
practice domains constantly evolving. Thus, the
“why” of POCUS use is decreasing as a barrier to
widespread educational development.

Targeted Needs Assessment

Ultrasound performance must be tailored to
the patients encountered within the clinical
setting and the needs of the providers in that
setting. Three characteristics render a proce-
dural or diagnostic application conducive to
ultrasound training for incorporation in patient
care: (1) the procedure or diagnosis is fre-
quent, i.e., commonly encountered in the
respective clinical setting; (2) the procedure or
diagnosis is amenable to ultrasound technol-
ogy, i.e., performance of a procedure can be
augmented by concurrent ultrasound use or a
diagnosis can be elucidated through ultra-
sound interrogation; and (3) the procedure or
diagnosis has discrete outcomes, i.e., success/
failure, present/absent, normal/mild/moder-
ate/severe, etc. Curricular design for the trans-
lation of POCUS training to clinical care
should embrace applications that can be fre-
quently utilized within the context of a
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provider’s care. For example, the American
College of Emergency Physicians has pub-
lished and updated core applications for the
adult emergency medicine ultrasound curricu-
lum [2]. While an abdominal aortic aneurysm
is something frequently encountered in adult
populations, this disease process does not
occur in pediatric populations and likely
would not be an appropriate application within
a basic pediatric POCUS educational curricu-
lum. Further, the emphasis on training in cra-
nial ultrasound may differ in institutions
where neonatology and pediatric critical care
providers are housed within separate divi-
sions. POCUS technology adoption is heavily
influenced by its environment. Thus, modifi-
cations to core applications should be spe-
cialty-specific, as has been suggested within

pediatric critical care (Fig. 1) [3]. Finally, the
current educational curricula available to pro-
viders, their baseline knowledge, and baseline
skills should be assessed in order to under-
stand their specific needs and help guide the
educational efforts in the most appropriate
direction.

With the increasing adoption of POCUS in
clinical practice across traditionally non-imag-
ing specialties, respective Societies are develop-
ing guidelines, statements, and policies outlining
pediatric specialty-specific curriculum and con-
siderations to develop best practice parameters
(Table 2) [4-9]. Existing literature supports that
POCUS image acquisition and interpretation
skills by novices improve rapidly after short
focused training when discrete measures are
employed during interpretation [10-12]. We

Fig. 1 Modifying Adult

. Resuscitative
Emergency Medicine

Diagnostic

Symptom- or
Sign-based

Procedural Therapeutic

Guidance

Core Applications to
Pediatrics Using Critical
Care as an Example

~.\ |

/

Adult Emergency Medicine Core
Applications®

Diagnostic:
Trauma
Intrauterine Pregnancy
Cardiac/HD Assessment
Biliary
Urinary Tract
DVT
Soft-tissue/Musculoskeletal
Thoracic/Airway
Ocular
Bowel

Procedural Guidance

|

Pediatric Critical Care Core
Applications®

Diagnostic:
Hemodynamic
Abdominal
Thoracic

Procedural Guidance:
Vascular Access
Drainage Procedures
Thoracentesis/Chest Tube
Paracentesis/Peritoneal Drain
Suprapubic Catheterization
Lumbar Puncture
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Table 2 Guidelines, policies, and statements from societies regarding pediatric focused ultrasound

Year of
Pediatric society | Specialty publication, Endorsements | Methodology | Content Notes
European Critical Care | 2021 GRADE, Guidelines across | Does not
Society of and RAND all focused discuss
Paediatric and Neonatology ultrasound incorporation
Neonatal applications into practice
Intensive Care
[4]
American Emergency 2015 SAEM, ACEP, | Descriptive | Statement Does not
Academy of Medicine WINFOCUS describing the discuss
Pediatrics [5] incorporation of | specific
focused applications
ultrasound in
clinical practice
Society of Critical Care | 2015, GRADE, Pediatric Limited
Critical Care 2016 RAND considerations pediatric
Medicine [6, 7] within adult guidelines
critical care-
focused
ultrasound
guidelines
AAP Section of | Emergency 2013 Consensus | Suggested
Emergency Medicine clinical
Medicine applications and
Fellowship programmatic
Directors elements for
Subcommittee incorporation of
[8] focused
ultrasound in
clinical practice
WINFOCUS [9] | Neonatology | 2020 Lung Literature Development of a | Limited to
Ultrasound review standardized lung | lung
Training Base | among ultrasound ultrasound
of China, experts protocol
Chinese
College of
Critical
Ultrasound

AAP American Academy of Pediatrics, WINFOCUS World Interactive Network Focused on Critical Ultrasound, SAEM
Society for Academic Emergency Medicine, ACEP American College of Emergency Physicians, GRADE Grading of
Recommendations Assessment, Development, and Evaluation

must also be cautious when defining what is and
is not amenable to point of care ultrasonography.
For many years clinicians believed that ultra-
sound of the lung would be an irrelevant practice
since the well-aerated lung is inhospitable to
ultrasound wave transduction. Yet Lichtenstein,
among others, identified and expanded lung
ultrasound clinical use [13], and we now use
lung POCUS to diagnose the etiology of
respiratory failure, guide therapies, and titrate
supportive strategies (see Chap. 13 “Clinical
Applications in Focused Thoracic Assessment in

Neonates”). What is “true” now may not always
remain that way, and there must be frequent
revisitation of clinical applications as our skills
and ultrasound technologies evolve together.

Goals and Objectives

When developing an educational platform,
whether for POCUS use or another area of clinical
inquiry, it is important to recognize that defining
educational goals/outcomes is crucial to success-



POCUS Guidelines, Training Curriculum, and Education

305

ful educational delivery. The Halstedian model
embracing “see one, do one, teach one” is an
oversimplification of complex interactions
between providers, technologies, and patients. Use
of POCUS incorporates different domains of com-
petence for providers (knowledge, psychomotor,
and interpretative), domains of performance for
the technology (comparisons to gold standards),
interactions between provider and technology
(feasibility and interrater reliability), and domains
of patient outcomes (direct and indirect impact of
POCUS within clinical care).

Once applications are defined within a scope
of clinical practice, educators must develop
objectives for training. These objectives should
be measurable, focused and specify processes
and outcomes relevant to the application. Bloom’s
taxonomy of learning progresses from basic eval-
uation of knowledge and comprehension, then
advances to understanding, application, and then
analyzing educational objectives [14]. For exam-
ple, objectives for the assessment of the inferior
vena cava for volumetric assessment might
describe requisite views (transverse + longitudi-
nal) and might build to interpretative methodol-
ogy (morphology, inferior vena cava-to-aorta
ratio, qualitative respiratory variation, quantita-
tive respiratory variation) based upon the goal of
study performance. As providers gain experience
and new data emerges within the ultrasound land-
scape, similar to core applications themselves,
respective goals and objectives may change and
become more complex moving up the pyramid of
learning. Goals and objectives should also be
periodically revisited and updated accordingly if
and when needed.

Applications and respective learning objec-
tives likely have variable difficulty in knowledge,
psychomotor, and interpretative skill develop-
ment. Some groups have suggested creating
“Basic” and “Advanced” applications, recogniz-
ing discrepancies in either the ease of uptake or
frequency of use between applications. There
may even be utility in distinguishing between
evaluative domains for learners as discussed
above (knowledge, psychomotor, interpretative)

and recognition that within an application, a
knowledge domain may be taught at the Basic
level though its corresponding psychomotor and
interpretative domain remain Advanced. For
example, discussing the methodology of measur-
ing ejection fraction using Simpson’s method as
a means of determining left ventricular systolic
function may be relevant to the Basic learner.
Such a discussion teaches (1) how using two
planes of a two-dimentional image can be inte-
grated to model a three-dimentional structure, (2)
how three-dimensional modeling may overcome
some limitations inherent in two-dimensional
assessment, and (3) how three-dimensional mod-
eling continues to have its own limitations in
functional assessment due to load dependence as
well as challenges in measurement. In develop-
ing a curriculum that includes left ventricular
systolic assessment as a core application, educa-
tors may define basic knowledge objectives to
understand qualitative evaluation or fractional
shortening measurements, psychomotor objec-
tives for learners to obtain adequate images, and
finally combine the knowledge and psychomotor
objectives into interpretive objectives to be able
to appropriately interpret the images obtained.
Knowledge of Simpson’s method can further
support an understanding of the strengths and
limitations of qualitative evaluation and frac-
tional shortening without necessarily being
required as a component of Basic psychomotor
and interpretative performance.

We should also recognize that learners them-
selves may have different rates at which they
achieve targeted objectives. Individualized learn-
ing curves have been used across many areas of
educational assessment [15]. Utilization of such
curves requires a targeted outcome, though,
which should define competence within the edu-
cational domain. Competence in critical care
ultrasound is defined as the implicit, internalized
knowledge of bedside ultrasound for clinical
benefit [16]. Yet we do not have well-defined
thresholds of competence in pediatric POCUS
applications or objectives as they translate to
clinical care. This is an area of particular interest
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and importance in the neonatal and pediatric
POCUS community.

Educational Strategies

Educational strategies for ultrasound training
should be devised to integrate adult learning the-
ory. Trainee’s independence and experience
should be respected and embraced. The
educational structure should be problem-cen-
tered and emphasis should be placed on how this
newly acquired knowledge will be utilized in the
learner’s daily practice [17].

Though there are no POCUS education out-
come data regarding longitudinal curriculum, we
know that educational outcomes in ultrasound
training are dependent upon the educational
methods employed. Recent literature suggests
that knowledge retention is optimized through
shorter, case-based lectures on focused ultra-
sound topics, though overall retention by novice
learners is poor 2 weeks following training [18].
In our institution, POCUS studies by trainees ful-
filling criteria for hemodynamic US competency
showed statistically significant improvement in
image interpretation score compared with those
not completing criteria for competency using a
pediatric cardiologist as a reference standard [
19]. Further, the literature also suggests that
maintaining ultrasonography skills requires
ongoing utilization in the clinical setting [20].
Borrowing knowledge from other simulation-
based studies including ultrasound-guided cen-
tral vascular access, we favor adapting “mastery
training” techniques to our POCUS educational
paradigm [21-23]. Use of the deliberate practice
model is helpful to obtain mastery learning in
which learners deliberately choose portions of
focused ultrasound to practice after self-reflec-
tion and assessment to understand their individ-
ual needs [24, 25]. With deliberate practice,
learners could use an ultrasound simulator to
focus on particularly challenging views to obtain,
spending extra time on this area of need rather
than spending time on obtaining and practicing a
full POCUS evaluation.

More robust studies evaluating the optimization
of both initial and maintenance training are required
to better evaluate optimal training methods. And
we need to recognize that a “one-size-fits-all” men-
tality towards educational standardization is likely
insufficient in overcoming local barriers to train-
ing. But there are likely common themes to suc-
cessful POCUS educational programs and such
themes should continue to be explored [26].

Conclusion

Developing a standardized training curriculum
is an essential first step towards training compe-
tent providers in the use of POCUS in neonates
and children followed by a structured training
program and certification/accreditation process
while ensuring robust clinical governance and
quality assurance. The question “why” use
POCUS in clinical practice is now obviated by
the robust literature supporting its use within
and across traditionally non-imaging disci-
plines. Specialties must now define the “what”
and the “how” of effectively translating educa-
tion into practice. Kern’s framework for curricu-
lar development can structure our approach to
developing meaningful education. Outcomes
relevant to providers, the technology, and our
patient populations are currently poorly defined
and will require careful consideration as the use
of POCUS increases across the spectrum of
pediatric care.
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Introduction

The era of pediatric point of care ultrasound
(POCUS) is upon us. Ultrasound technology is
now ubiquitous in most acute care practice set-
tings and both procedural and diagnostic ultra-
sound applications challenge previously defined
standards of care. Ultrasound education is
embedded within medical school curriculum and
available to novice trainees as well as experi-
enced clinicians practicing within non-imaging-
based specialties. With the abundance of literature
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supporting the use of ultrasound to improve the
quality of care delivered at the bedside, why is its
use not more widespread?

The delivery of care at the bedside of acutely
ill children requires the integration of technolo-
gies, processes, and people [1]. This chapter
focuses on the technologies and processes, but
readers will identify that the people required for
successful programmatic build and dissemination
in practice are varied and include (but are not
limited to) specialist clinicians, hospital adminis-
trators, and local information technologists.
Delivery of quality care ensures that the
interaction between technologies, processes, and
people adhere to the idealized aims of our medi-
cal profession, as discussed in Chap. 1:
“Introduction to Point of Care Ultrasound” [2, 3].
These ideals may be subtly different given local,
regional, national, or international cultural differ-
ences, but regardless of their specifics, should
serve as guideposts for care delivery.

The Technology: Learning
from History

Changes in fechnology, as well as access to that
technology, has been a constant in medicine and
continues to evolve with time. We should expect
that changes in technology at the bedside of care
are not rapidly adopted. Indeed, over 200 years
ago, a disruptive technology called “the stetho-
scope” confronted medicine and would change
practice to this day [4].

How do we assess new technologies? If you
attend any medical conference, you are likely to
encounter the “newest and greatest” gadgets pro-
moted by sales representatives who declare pro-
prietary technological (and clinical outcome)
superiority to current practice. So how do compa-
nies decide to pursue the production of techno-
logical innovations? They first ask a few basic
questions about the characteristics and attributes
of the technology (Table 1) [5]. Companies seek
to answer these questions to optimize their return
on investment. As clinicians integrate new tech-
nology in delivering clinical care, we should also
seek a high return on our investment, specifically

Table 1 Characteristics and attributes of successful new
technologies

Characteristics | ¢ Is the technology a radical
departure or improvement from
previous technologies?

Does it stand alone as unique?

Is it simple to learn? Is
implementation straightforward?

Can you add ideas to enhance its
performance?

Attributes * What are important performance
measures and how does it perform?
What are the benefits to the user?
Is the technology easy to adopt?

by improving our clinical practice. Thus, we
should ask many of the same questions asked by
the business models within our defined frame-
work of quality care.

Ultrasound has characteristics and attributes
optimal for integration in clinical care. The tech-
nology stands alone in real-time visualization of
anatomy and physiology both in procedural and
diagnostic applications and represents a radical
departure from prior methods of palpation and
auscultation. The technology is already present in
our units and, as highlighted throughout this
book, we can adapt the technology to fit the needs
of providers (clinicians) across varied clinical
specialties. Thus, we can say that ultrasound has
impressive face validity when it comes to incor-
poration within our practice.

We have many examples of technologies with
robust face validity and considerable impact on
our practice. Bioengineers developed pulse oxim-
etry in the 1970s with clinical adoption in the
1980s [6]. Some technologies have such high
face validity that there is no equipoise regarding
integration in practice [7]. Despite the absent
data of proven efficacy, pulse oximetry is consid-
ered the standard of care across diverse patient
populations within varied clinical settings.

Face validity and equipoise need to be care-
fully considered words, though, when integrating
technologies at the bedside. Critical care learned
this through its experience with the pulmonary
arterial catheter (PAC). PAC technology was also
developed in the 1970s and had such face validity
in the minds of criticologists that, by the mid-
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1980s, PAC data guided the care of 40% of all
ICU patients [8]. In the next 10 years, published
studies emerged demonstrating problems with
clinician interpretation of the data as well as PAC
inaccuracies. Most notably, PACs used in clinical
management resulted in worse patient outcomes
[9]. Studies identified problems in technology,
processes, and people resulting in the delivery of
inferior care. The experience with the PAC
remains important. Clinicians should combine
face validity with relevant outcome data before
widespread adoption of technologies within care
delivery.

Throughout this book, the authors have pro-
vided supportive literature demonstrating that
focused ultrasound applications: (1) are easily
taught to novice providers, (2) are accurate in the
identification of varied pathophysiologic pro-
cesses, (3) provide timely diagnosis, (4) identify
new, clinically relevant information, (5) change
medical management, and (6) improve patient
outcomes. Thus, the data support a wider adop-
tion of ultrasound in acute care practice. Yet, we
remain slow to universally adopt it in routine care.

The Processes: The Need
for Programmatic Development

If we accept ultrasound as a safe and impactful
technology to adopt in practice, then we need to
assess the processes of translating ultrasound
education into delivery of care. Institutional or
governmental regulations often shape processes
of care, and we define commonly used regula-
tory words relevant to focused ultrasound trans-
lation in Table 2. Despite a multitude of focused
ultrasound courses delivered locally, nationally,
and internationally, experience (and data) sug-
gest that few learners will translate education
into actual clinical practice [10]. If the goal of
training is to develop reliable skills for ultra-
sound use in the clinical setting, then a provider
should develop a level of competency.
Unfortunately, there is no definition of compe-
tency in the practice of POCUS.

Competency is the presence of sufficient
knowledge or skill [11]. Competency in POCUS

Table 2 Definitions of regulatory terms relevant to ultra-
sound practice

Licensing: Regulatory agency recognition that an
individual clinician has completed qualifications to
practice ultrasound. Licensing also involves ongoing
continued education or training and potentially
reexamination.

Credentialing: Employer recognition that an
individual has completed qualifications to practice
ultrasound. Credentialing can be independent of
ultrasound applications or be considered within the
scope of other credentialed activities. Credentialing is
institution-specific and may be periodically updated.

Privileging: Employer recognition of a global skill
set, which can include ultrasound, defining an
individual’s scope of practice within an institution.
Credentials are assessed as a component of the
privileging process.

Accreditation: Independent organization recognition
that a healthcare entity/program has met defined
standards.

Certification: Independent organization recognition
that an individual has met defined standards in a skill
outside of their current specialty-specific scope of
practice. In ultrasound, certification by external
agencies suggests that there has been training with
oversight to a level of competency often verified
through formal testing.

depends on the application and the definition of a
minimum standard (what our community would
consider “sufficient”). Competency should also
result in clinical effectiveness, which incorpo-
rates not only meeting a performance standard
but also avoiding underuse and misuse. Thus,
each application should have a standard for
assessing competency in performance and educa-
tion should include indications, contraindica-
tions, and limitations to its use. There are likely
similar competency domains across varied appli-
cations, including knowledge, psychomotor,
interpretative, and medical decision-making
domains [12]. Thus, even prior to receiving train-
ing or addressing competency, a provider should
identify their scope of practice within their clini-
cal domain. Ultrasound applications should
address clinical questions that are frequently
encountered, are amenable to ultrasound interro-
gation, have discrete qualitative or semi-
quantitative measures (present/absent, small/
moderate/large, normal/abnormal, mild/moder-
ate/severe, etc.), and impact medical manage-
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ment. For example, a pediatric emergency
medicine clinician may greatly benefit from
learning how to evaluate an abscess since this is a
frequently encountered pathophysiology in their
practice setting. The incorporation of ultrasound
assessment by an emergency medicine provider
will expedite quality care in the practice setting,
and exposure to recurrent pathophysiologic pro-
cesses will allow for longitudinal experiences
providing depth and breadth to skill development
and maintenance. In contrast, critical care clini-
cians infrequently encounter clinically relevant
abscesses resulting in limited opportunities to
develop clinically relevant skills that would
impact care provided to patients. Critical care
development of competency in abscess assess-
ment may waste valuable time better spent in
learning applications relevant to their specialty.
As discussed in Chap. 21: “POCUS Guidelines,
Training Curriculum, and Education”, pediatric
specialty-specific guidelines will be invaluable in
curricular design for learners.

Once pediatric specialties identify ultrasound
applications and define competency standards,
training alone is insufficient without complemen-
tary structural elements to ensure the translation

to quality care. Implementation science is a rela-
tively new discipline promoting the systematic
uptake of research and evidence-based practice to
deliver quality and effective care [13]. Component-
based implementation science models emphasize
the need for environmental structural elements for
the successful adoption of practice [14]. Thus,
effective translation of ultrasound skill from edu-
cation to the bedside requires a programmatic
build for individual success (Fig. 1).

The American College of Emergency
Physicians (ACEP) has been a leading organiza-
tion in both developing coherent specialty-based
guidelines as well as outlining the processes and
structural elements required to translate education
to quality care at the bedside [15]. ACEP guide-
lines identify five key structural elements for
implementation: Training, Documentation, Image
Storage, Quality Assurance, and Credentialing.

Chapter 21: “POCUS Guidelines, Training
Curriculum, and Education” as well as earlier
discussion within this chapter describes current
thoughts regarding fraining in relevant applica-
tions and its requisite goals of competency
development across evaluative domains.
Documentation is the process by which provid-

Bedside Ultrasound Program Development

Providers
Educators
Patients

What to teach (needs assessment)
How to teach it (learning theory)

Program Goals and Objectives

Training

Image Storage
Documentation
Quality Assurance
Credentialing

Delivery of Education
Regulatory Adherence
Delivery of Care

Competent Providers, Improved Patients,
Sustainable Programs

Fig. 1 Bedside Ultrasound Program Development




Current and Future Challenges to Ultrasound Adoption in Clinical Practice

313

ers record their findings. During training, docu-
mentation for a learner is essential for iterative
feedback regarding interpretative accuracy, one
of the important domains within competency
assessment. Appropriate documentation pro-
cesses extend beyond training and have obvious
implications in patient care. Local leadership
should collaborate with administrators regarding
policies involving documentation in clinical
care, specifically within the patient’s medical
record. Performance of a bedside ultrasound in
the clinical context always has the potential to
identify important information, whether previ-
ously known or unknown. Thus, documentation
with an accurate interpretation within the medi-
cal record of a patient is important to both their
short-term and long-term care, and the develop-
ment and growth of electronic medical records
add to the need for standardized approaches con-
sistent with local regulations. The individual
providing any documentation of focused ultra-
sound interpretation in the medical record should
have institutional authorization for providing
focused ultrasound interpretations. We also sug-
gest standardization of documentation in the
medical record for consistency of reporting and
ease of reading. Reports should also include the
diagnostic limitations of focused ultrasound. In
the United States, billing for studies requires
specific documentation elements included in
reports [16].

Image Storage is another recommended
structural element in ultrasound program build.
Storage solutions frequently require collabora-
tion with local institutional information technol-
ogy and/or radiology specialists with insights
into current institutional storage platforms. Both
proprietary and  non-proprietary  picture
archiving and communication systems exist.
Should there not be an institutional image stor-
age solution, both trainees as well as those expe-
rienced in POCUS should identify a personal
method of image storage adherent to patient
information regulations. The Quality Assurance
process, discussed further below, utilizes these
saved images for assessment of developed and
maintained competency in the image acquisition
domain. Most all machines have, at minimum, a

universal serial bus (USB) port whereby porta-
ble USB drives can upload stored images.
Studies solely for education have not always
required incorporation within a patient’s health
record, though one should be familiar with local
and national regulatory standards [17]. Many
institutions consider all acquired images col-
lected as within the scope of patient care, even if
solely for the purpose of education, since they
provide data regarding a patient’s anatomy and
physiology.

Quality assurance is the process whereby a
program safeguards the translation of training to
quality care delivery. Reviewers assess focused
ultrasound studies performed in the educational
or clinical setting for image quality and interpre-
tation accuracy through this process. Providers
with expertise in POCUS applications relevant
to the studies assessed lead these structured
review sessions. Early in programmatic develop-
ment, there may not be an expert in POCUS
applications within a division or department.
Thus, developing programs should seek local
imaging specialists (i.e., radiology or cardiology
colleagues, or other POCUS specialists includ-
ing emergency medicine colleagues) or remote
tele-expertise. Anyone providing assessment of
image acquisition and interpretation during
review sessions should be familiar with the pur-
pose of performed studies, have the clinical con-
text of the study, and be aware of the application
objectives and limitations as defined by local
curriculum or specialty-specific guidelines.

A quality assurance process should also pri-
oritize effective two-way communication
between study performers and reviewers. Study
performers should communicate the clinical set-
ting of acquired studies, as well as any challenges
encountered during study performance. They
should also be able to provide contextual rele-
vance of the study and impact in their assessment
and management. Expert reviewers should be
able to provide relevant feedback regarding study
image acquisition and interpretation including
suggestions for improvement. Importantly, qual-
ity assurance is not only for novice learners but
also for those experienced in POCUS.
Longitudinal quality assurance promotes contin-
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ued education within this specialized area of
clinical care delivery and provides another layer
of safety for patients, providers, and institutions.

Putting the Pieces Together:
Credentialing, Privileging,
and Outcomes

Credentialing is institution-specific and is a pre-
determined threshold of training and experience
in a specific area of clinical practice. Privileging
is the institutional allowance of care delivery in
that clinical practice. Thus, credentialing repre-
sents the structure of institutionally-defined com-
petency in practice, with privileging the end
result of program build. Structured didactic and
experiential training in defined specialty-specific
applications should have oversight by providers
experienced in respective imaging domains.
Appropriate documentation and imaging solu-
tions, adherent to local, national, and interna-
tional standards, support quality assurance
processes to assess development and longitudinal
translation of skill to care delivery. Target thresh-
olds of experience should define competency and
be assessed through this quality assurance pro-
cess. Once competency in a POCUS application
is achieved, institutional Credentialing
Committees should recognize developed skills
through their credentialing process. Once an
institution credentials an individual in a skill,
they will often require documentation of mainte-
nance of the skill.

Structural elements within programmatic
build, and the implementation processes they
support, often require multidisciplinary collabo-
ration and significant effort in their construction.
However, we have strong evidence that building
this infrastructure results in programmatic suc-
cess and the delivery of quality care. By structur-
ing emergency medicine residency-focused
ultrasound training programs in this fashion,
diagnostic and procedural ultrasound applica-
tions are now components of Accreditation
Council for Graduate Medical Education core
competencies for emergency medicine residen-
cies in the United States. Thus, the performance

of ultrasound is a component of what it is to be a
modern emergency medicine physician. Evidence
exists that structuring an ultrasound program in
such a manner can be successful in other special-
ties. The Children’s Hospital of Philadelphia
developed a training program in critical care and
neonatal-focused ultrasound based on ACEP
guidelines. Program leaders modified core appli-
cations for appropriateness in the pediatric criti-
cal care setting, and multidisciplinary support by
institutional leaders resulted in a credentialing
process for clinicians [18].

Relevant outcomes should assess how the
technologies, processes, and people interact in
the delivery of high-quality care. Outcomes for
successful programmatic build are broad and
extend across an entire institution, including
assessment of trainee skill development, depart-
mental revenue generation (where applicable),
and institutional medical-legal exposure. Most
importantly, structural elements solidifying pro-
grammatic build allow for measures of improve-
ment in patient outcomes. Though this book has
described many of the impressive benefits of
ultrasound in clinical care, we should continue to
seek outcome data regarding its incorporation in
daily clinical practice.

How to Support the Individual
Provider

This chapter details the infrastructure suggested
for effective focused ultrasound programmatic
build. We also recognize that many institutions
will be unable to support the time and energy
required to develop and maintain these structural
elements. A recent survey of United States pedi-
atric critical care fellowship programs found that
67% of divisions were performing diagnostic-
focused ultrasound studies, while <25% of insti-
tutions had documentation, image storage, or
quality assurance processes in place [19].
Structural elements for program build were
acknowledged by respondents to have a high
impact on program development but also required
high effort. Solutions to focused ultrasound inte-
gration in care require dedicated time and finan-
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Fig.2 Top-Down Versus Bottom-Up Approach to Individual Translation of Skill

cial investment. We suggest that solutions can be
shared, thus reducing effort and cost to both pro-
viders and institutions. We also suggest two
approaches to the large-scale development of
individual skill that can translate to clinical care,
what we will term a “top-down” (external) and a
“bottom-up” (internal) approach (Fig. 2).

The top-down approach recognizes the poten-
tial contribution of societies, or external agen-
cies, in supporting and validating training
processes. Training supported by external agen-
cies should include both initial as well as longitu-
dinal support and have a mechanism for quality
assurance across prespecified domains of compe-
tency. Formal testing of knowledge and/or psy-
chomotor skill follows the completion of requisite
steps within longitudinal training. Completion of
longitudinal training and performance above the
threshold on the test will result in certification by
that external agency. Local institutions may then
adopt certification as a component of credential-
ing and privileging individual providers.
Longitudinal maintenance of skills can be locally
developed or supported through an external
agency as well.

An example of a successful translation of a
“new” technology by the top-down approach is
the introduction of perioperative transesophageal
echocardiography (PTE) by adult anesthesiolo-
gists. PTE grew in practice among anesthesiolo-
gists in the early 1980s, emerging as a potentially

important technology for guiding perioperative
therapies [20]. In 1988, the American Society of
Echocardiography (ASE) realized the unique
benefit of PTE in clinical care and the need for
separate training for anesthesiologists [21]. In
1993, The American Society of Anesthesiologists
(ASA) and the Society for Cardiothoracic
Anesthesiologists (SCA) partnered to define
knowledge, skill, and training objectives within
basic and advanced PTE platforms [22].
Following this, the ASA and SCA partnered with
the American Society of Echocardiography. In
1998 the groups created the National Board of
Echocardiography to develop and administer
echocardiographic exams including the adult
special competency in echocardiography exami-
nation (ASCeXAM) and perioperative TEE
examination (PTE-examination). Thus, pathways
to certification by an external agency exist in PTE
for individual providers.

The benefit of the top-down approach is that
there is a centralized and standardized approach
to developing a skill. Developing a certification
process through an external agency may shift the
burden of oversight away from local departments
unable to support the time and effort required for
training. However, there are challenges with
such a system [23]. First, certification through
formalized testing and external oversight is often
expensive. Recently, the Society of Critical Care
Medicine worked with NBE to develop the
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Examination of Special Competence in Critical
Care Echocardiography (CCEeXAM) at a cur-
rent cost of approximately $1000 USD. This
does not include costs such as an initial training
course or subsequent test preparatory review
courses which will also run costs into the thou-
sands of USD. Second, certification by an exter-
nal agency frequently still requires local training
solutions. Using the same example, the
CCEeXAM requires an experiential component
developed either through supervised clinical
training (typically residency or fellowship) or
through what is termed a “Practice Experience
Pathway” whereby clinical exams are logged
and supervised by local experts [24]. In this
example, regardless of the pathway (supervised
training vs. practice experience) there is a
requirement for local infrastructural support.

Emergency medicine successfully embraced
the bottom-up approach in the incorporation of
the Focused Assessment with Sonography in
Trauma (FAST) exam within clinical practice.
The FAST exam was first developed in Europe in
the 1970s as a rapid method of evaluating the
presence of blood in the abdomen or pericardial
space following abdominal trauma [25]. From
the 1970s thru the 1980s, the growing literature
suggested that the technology had superior test
characteristics compared to prior gold standards
of clinical assessment and non-imaging-based
clinicians were reliable in performance and
interpretation [26, 27].

Interestingly, the emergence of the FAST
exam by clinicians coincided with the develop-
ment of emergency medicine as a specialty. In
1979, the American Board of Medical Specialties
(ABMS) recognized emergency medicine as an
independent discipline following American
Board of Emergency Medicine incorporation in
1976 [28]. It is not surprising that ultrasound use
in emergent clinical conditions arose alongside
the growth of the emergency medicine profes-
sion. The FAST exam remains well entrenched
within emergency medicine ultrasound guide-
lines and serves as an example of the power of
ultrasound in the hands on non-traditionally
imaging-based clinicians. The importance of the
FAST exam in shaping quality care has allowed

for continued explorations of applications benefi-
cial to providers and patients alike.

The bottom-up approach supports standard-
ization in practice across a specialty, though
allows for local influences on training and prac-
tice. This approach requires a local program built
to support translation of skill to clinical practice.
It does not create pathways to certification,
though external agency testing can complement
efforts. Local programmatic build results in
defining specialty-specific requirements for a
specialty-specific physician, or stated a different
way, defines what it is to be a specialty-specific
physician. Ultrasound applications adopted in
this manner become part of training platforms
within specialty residency and fellowship pro-
grams as evidenced by ACGME requirements in
training for adult emergency medicine and criti-
cal care [29, 30].

Exploring the Final Competency
Domain: Treatment Methods

and the Protocolization of Bedside
Ultrasound

Throughout this chapter, we have focused on two
elements of competency: image acquisition qual-
ity and study interpretation accuracy. The third
domain of competency is delivering appropriate
treatment following ultrasound study. Clinicians
frequently equate protocols with the appropriate-
ness of treatment in the current era of practice
embracing quality and safety ideals. Indeed, the
medical field has learned about the benefits of
standardization and protocolization since Early
Goal Directed Therapy (EGDT) demonstrated
mortality benefits assigned to well-structured
care processes [31]. EGDT also taught us that the
individual elements within protocols (for exam-
ple, central venous pressure, mixed venous oxy-
gen saturation, hemoglobin levels, and mean
arterial pressure) leading providers to their treat-
ment decisions may not actually be the causal
elements of outcomes [32]. Thus, protocols may
improve care, but we should be mindful to study
the individual elements within protocols and
maintain the intellectual and clinical flexibility to
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modify our actions when improved methods of
assessment are available.

For example, the previously discussed FAST
exam had important outcome benefits when
incorporated into the adult management of
trauma. Yet, in many pediatric institutions, clini-
cians do not employ the FAST exam as a first-line
method of trauma assessment due to poor perfor-
mance characteristics within this specific popula-
tion (see Chap. 14 “Abdominal Point-of-Care
Ultrasound in  Neonatal and  Pediatric
Populations™) [33]. Protocols are only as strong
as the elements upon which they are constructed
and the technologies/policies/people gathering
the data. Protocols are not infallible and may not
represent current evidence-based best practice.

Certainly, in this era emphasizing quality
and safety, protocols and structure are essen-
tials of care delivery. Thus, an ultrasound per-
formed within clinical applications should have
consistency in performance. In procedural
ultrasound, pre- and post-procedural checklists
improve provider performance and patient
safety [34]. In diagnostic ultrasound there are
numerous adult protocols for assessing patho-
physiologic processes beyond the previously
discussed FAST exam [35-40]. Applications
described in prior chapters have single-study
methodologies demonstrating beneficial out-
comes, but widespread adoption of pediatric-
specific non-imaging specialty applications
remain absent from practice.

Without well-studied protocols, how do we
assess appropriateness of our therapeutic deci-
sions? This last domain of competency is the
most difficult to assess, whether in focused ultra-
sound or any clinical practice. Therapies may
align with protocols, but therapeutic outcomes
alone define therapeutic appropriateness. We
should not cease from working towards this
domain of competency for this is, in fact, the ulti-
mate challenge we have as clinicians.

With the lack of high-quality evidence around
the use of POCUS during neonatal or pediatric
resuscitation, and in managing neonatal and
pediatric emergencies, it is a challenge to intro-
duce them in acute care protocols in pediatric
practice. However, such protocols already exist

in adult practice as well as pediatric emergency
medicine, and clearly show benefit in under-
standing pathophysiology and targeting specific
interventions earlier. Hence, we believe that
despite current and future challenges it is time to
develop POCUS training curriculum, develop
training programs, and adopt its use in neonatal
and pediatric emergency protocols.
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Basics in Critical Care and Neonatal

e Describe how to adjust and optimize the
Focused Ultrasound : P

quality of ultrasound images.

e Identify how “artifacts” are created and
recognize how they help us interpret
anatomy and pathology.

e Explain the various modes of ultrasound
imaging including appropriate clinical
applications of B-mode, M-mode, and
Doppler modalities.

* Discuss proper maintenance of an ultra-
sound machine.

Learning Outcomes Chapter 1: Introduction
to Focused Ultrasound in Neonates and
Children (Thomas Conlon, Cécile Tissot,
Maria V Fraga, Yogen Singh)

e Discuss the history of ultrasound tech-
nology and its integration in medical
practice.

 Identify factors related to the dissemina-
tion of ultrasound practice across tradi-
tionally non-imaging specialties.

* Describe current challenges to ultra- Cardiovascular System Assessment
sound implementation in pediatric acute
care settings.

Learning Outcomes Chapter 3: Basic

Echocardiographic Views for the Pediatric

Intensivist (Cécile Tissot, Yogen Singh)

e Explain how a basic echocardiographic
assessment can assist in the assessment
and management of children with criti-
cal illness.

e Describe strengths and weaknesses
of the core views of an echocardiographic
assessment for the pediatric intensivist.

* Discuss the probe position for acquisi-
tion and correct plane for assessment of
each basic view.

— Basics of Cardiac Anatomy/Physiology
— Ultrasound Views
— Assessment of Pathophysiology

Learning Outcomes Chapter 2: Physics,
Knobology and Probes—Imaging
Optimization (Jason Z. Stoller, Yogen Singh,
Cécile Tissot)

* Describe how to select the appropriate
probe for your study.

* Discuss how ultrasound waves are trans-
mitted and received so as to create
images on a screen, including the vari-
ous echogenic characteristics of tissues.
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Learning Outcomes Chapter 4: POCUS in
Shock and Volume Status (Saul Flores, Fabio
Savorgnan, David Kantor)

e Define fluid responsiveness.

e Differentiate  between static and
dynamic measures of fluid responsive-
ness and describe methods of assessing
fluid responsiveness using.

e Integrate volume status and cardiac
assessment in a standardized approach
to the management of pediatric shock.
— Physiology
— Ultrasound Views
— Assessment of Pathophysiology

Learning Outcomes Chapter 5: Assessing
Left Ventricular Function (Cécile Tissot,
Nicole Sekarski, Yogen Singh)

e Differentiate qualitative and quantita-
tive methods of left ventricular
function.

e Describe strengths and limitations of
basic cardiac views for left ventricular
functional assessment.

* Discuss how preload and afterload con-
ditions impact varied measures of left
ventricular function.

— Anatomy/Physiology of the Left
Ventricle

— Ultrasound Views

— Assessment of Pathophysiology

Learning Outcomes Chapter 6: Focused
Ultrasound in Right Ventricular Function,
Pulmonary Hypertension (Shazia Bhombal,
Shahab Noori, Yogen Singh, Maria V Fraga)

e Describe the morphology of the right
ventricle and implications in assessing
right ventricular function.

e Describe methods of assessing qualita-
tive and quantitative right ventricular
functional assessment.

Appendix: Learning Outcomes

* Discuss methods of assessing the pres-
ence of pulmonary hypertension using
basic cardiac views and introduce
advanced views for qualitative and
quantitative assessment of pulmonary
hypertension.

— Anatomy/Physiology
— Ultrasound Views
— Assessment of Pathophysiology

Learning Outcomes Chapter 7: Focused
Assessment of Pericardial Effusion and
Cardiac Tamponade (Yogen Singh, Farha
Vora, Cécile Tissot)

e Identify optimal cardiac views for
assessing the presence of pericardial
effusion.

» Discuss the underlying physiology char-
acterizing tamponade.

e Describe echocardiographic findings
associated with hemodynamic perturba-
tions associated with tamponade

physiology.

— Anatomy/Physiology

— Ultrasound Views (including
procedural)

— Assessment of Pathophysiology

Learning Outcomes Chapter 8: Advanced
Functional Echocardiographic Views
Including PDA Assessment and
Hemodynamic Evaluation (Yogen Singh,
Sebastien Joye, Cécile Tissot)

* Describe how to acquire and optimize
views of the PDA.

» Discuss the interpretation of the PDA and
implications in medical management.

* Describe superior vena cava view acqui-
sition and flow interpretation in the con-
text of critical illness.

— Anatomy/Physiology of the PDA
— Ultrasound Views
— Assessment of Pathophysiology
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Learning Outcomes Chapter 9:
Comprehensive Echocardiography and
Diagnosis of Major Common Congenital
Heart Defects (Nicole Sekarski, Cécile
Tissot, Yogen Singh)

e Describe cardiac embryology and asso-
ciations with congenital heart defects.

e Identify the roles of comprehensive
echocardiography and focused echocar-
diography in the identification of con-
genital heart defects.

* Discuss a structured approach to screen-
ing for clinically relevant cardiac defects
in the neonatal time period.

— Anatomy
— Ultrasound Views
— Assessment of Pathophysiology

Thoracic Assessment

Learning Outcomes Chapter 10: Basic
Focused Lung Ultrasound for the Intensivist
(Adam S. Himebauch, Akira Nishisaki)

e Discuss methods of ultrasound interro-
gation of the thoracic cavity.

* Describe how artifacts assist in assess-
ing lung pathophysiologic processes
including pneumothorax.

» Differentiate effusions from atelectatic
or consolidated lung.

— Anatomy/Physiology

— Ultrasound Views

— Assessment of Pathophysiology
(pneumonia, bronchiolitis, reactive
airway disease)
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Learning Outcomes Chapter 11: Airway
Ultrasound in Children and Neonates
(Erik Su, Bereketeab Haileselassie)

Discuss airway anatomy and impact on
acquisition of ultrasound images.
Describe direct and indirect techniques
to assess endotracheal and transtracheal
intubation using ultrasound.

Identify indications and methods to
assess vocal cord function in children.
— Anatomy

— Ultrasound Views

— Assessment of Pathophysiology

Learning Outcomes Chapter 12:
Diaphragmatic Ultrasound (Joel K. B. Lim,
Jan Hau Lee, Mark D. Weber)

Describe the functional anatomy of the
diaphragm and conditions associated
with diaphragmatic dysfunction.
Identify methods of qualifying and
quantifying diaphragmatic weakness in
critical illness as well as clinical signifi-
cance of these findings.
Describe indications and methods to
assess diaphragm paralysis.

Anatomy

Ultrasound Views

Assessment of Pathophysiology
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Learning Outcomes Chapter 13: Clinical
Applications in Focused Thoracic
Assessment in Neonates and Children
(Nadya Yousef, Daniele De Luca)

Describe the lung ultrasound score.

Discuss applications of the lung ultra-

sound score in adult critical illness.

Identify how lung ultrasound score can

be employed in the assessment and

management of pediatric ARDS and

neonatal RDS.

— Special Anatomic Considerations in
Neonates

— Scoring Systems Using Views

— Unique Thoracic Pathophysiologies
with Treatments Guided by Ultrasound

Abdominal Assessment

Learning Outcomes Chapter 14: Basic
Abdominal Focused Ultrasound (Yasser
Elsayed, Vidit Bhargava)

Describe indications for critical care
ultrasound assessment of the abdomen
including the FAST or free fluid
examination.

Discuss the spectrum of findings in neo-
natal enterocolitis and other bowel
pathophysiologic processes.

Describe the assessment of the bladder
including and evidence of abnormalities
within varied clinical contexts.

— Anatomy

— Ultrasound Views

— Assessment of Pathophysiology
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Neurosonology

Learning Outcomes Chapter 15: Focused
Cranial Ultrasound for Neurointensive Care
(Marlina Lovett, Kerri LaRovere, Nicole
O’Brien)

e Identify neuroanatomy accessible by
ultrasound interrogation.

* Identify indications for TCD in pediat-
ric populations and literature supporting
the role of both imaging and non-
imaging TCD in clinical applications.

e Discuss the current state of optic nerve
sheath diameter measurements for ele-
vated intracranial pressure as well as a
guided retinal exam for identification of
retinal hemorrhages, retinoschisis, reti-
nal detachment, vitreous hemorrhages,
and vitreous detachment.

— Anatomy
— Ultrasound Views
— Assessment of Pathophysiology

Learning Outcomes Chapter 16: Neonatal
Brain Ultrasound (Pradeep Suryawanshi,
Reema Garegrat, Yogen Singh)
* Discuss applications of basic head ultra-
sound in pediatric/neonatal critical care.
e Demonstrate a standardized approach to
evaluation using head ultrasound.
* Discuss pathological processes and
findings within head ultrasound studies.
— Anatomy
— Ultrasound Views
— Assessment of Pathophysiology
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Focused Ultrasound in Transport
Setting
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Describe the technique for performing

Learning Outcomes Chapter 17: Rapid
Focused Ultrasound Assessment of a
Crashing Infant and Child in Transport
Setting (Sajeev Job, Michael J. Griksaitis,
Yogen Singh)

e Defer learning objectives.

Procedural Ultrasound

Learning Outcomes Chapter 18: Vascular
Access Considerations in Children and
Neonates (Mark D. Weber, Benjamin Kozyak,
Maria V Fraga)

e Describe the proper technique of central
and peripheral venous and arterial vas-
cular access using ultrasound and litera-
ture supporting its use.

e Contrast the strengths and limitations of
the short and long axis approaches to
vascular access.

e Discuss the importance of maintaining
needle tip visualization throughout pro-
cedures and the use of the step-down
technique.

* Discuss strengths and limitations to ultra-
sound use in procedural applications.

— Anatomy
— Ultrasound Views

Learning Outcomes Chapter 19:
Ultrasound-Guided Procedures Beyond
Vascular Access (Jesse Wenger, Grace
Chong)

* Discuss translating landmark techniques
to ultrasound-guided techniques in
drainage procedures including thora-
centesis, paracentesis, pericardiocente-
sis, and suprapubic catheterization.

lumbar-puncture using ultrasound as an
adjunct technology.

— Anatomy

— Ultrasound Views

— Assessment of Pathophysiology

Learning Outcomes Chapter 20:

Considerations in Pediatric and Neonatal

ECMO Cannulation (lvanna Maxson, Erik Su)

e Describe optimal ultrasound views for
transthoracic assessment of appropriate
ECMO cannula placement and posi-
tioning.

e Discuss clinical scenarios in which
ultrasound may assist in troubleshooting
ECMO circuit challenges in pediatric
and neonatal critical illness.

Anatomy
Ultrasound Views
Assessment of Pathophysiology

Programmatic Considerations
and Moving Forward

Learning Outcomes Chapter 21: POCUS
Guidelines, Training curriculum and
Education (Thomas Conlon, Sam
Rosenblatt, Adam S. Himebauch,

Christie Glau, Akira Nishisaki, Yogen Singh)

* Describe the need for bedside ultra-
sound training programs in pediatric
practice.

e Discuss experience- and literature-
based approaches to successful ultra-
sound education for both novice and
experienced learners.
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Appendix: Learning Outcomes

Learning Outcomes Chapter 22: Future
Developments: Certification, Accreditation,
Continued Medical Education (CME),
Advances in POCUS Technology and Future
Protocols (Thomas Conlon, Yogen Singh,
Cécile Tissot, Maria V Fraga)
e Define 3Cs: competence, certification,
and credentialing important in the devel-
opment of programmatic implementation.

Discuss necessary components to
develop and maintain a bedside ultra-
sound program within the context of the
international critical care community.
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