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This book is dedicated to two pioneers of contrast-enhanced
ultrasound and our colleagues who contributed immensely to
the development of the technique, who both are sadly no longer
with us.

Professor David O. Cosgrove (1938-2017) was the “father
figure” of ultrasound in the United Kingdom, using ultrasound
clinically in the 1970s and embracing the development of
contrast-enhanced ultrasound from the very beginning. An
internationally recognized and respected figure in ultrasound,
mentor, and colleague to all of us.

Professor Martin J.K. Blomley (1959-20006) a respected
colleague, a pioneer in the early days of contrast-enhanced
ultrasound, destined for great things, but a life cruelly cut
short.

A large number of people have helped over the years to
develop the pediatric contrast-enhanced ultrasound service both
in clinical terms and with research, too many to mention, but
contributing to this new area of ultrasound imaging. In addition,
I am grateful for the patience of my family—Monica, Francesca,
and Gianluca who, I believe, continue to support me.

Paul S. Sidhu

To my clinical pediatric colleagues at Kings College Hospital
who have supported us and continue to trust us with their
patients. Also, to my father, Professor Sean Sellars who sadly
passed away last summer, my husband Steve, four children,
Anna, Matthew, Rebecca, and Emily and Emma, all of whose
love and support has been invaluable to me.

Maria E. Sellars



To my husband Tommaso, who is always supportive of my
academic work and keeps me on my toes, and to my children
Marino and Maddalena, my daily reminder of what
unconditional love means. Also, to my parents, Paola and
Vittorio, who are always there for me and have shaped who

I am today.
Annamaria Deganello



Foreword

In the past two decades, the acoustic microbubble has graduated from a sci-
entific curiosity to a clinical contrast agent that has become an indispensable
part of the ultrasound armamentarium. Injectable microbubbles have been
approved for diagnostic indications in the heart, vascular system, and abdo-
men in dozens of jurisdictions. Over an estimated 10 million patient studies,
they have proven to be safe and exceptionally well tolerated by patients.
Several generations of guidelines for their clinical use have been published
by both European and World ultrasound federations. Yet none of these guide-
lines, and until recently none of these approvals, have been for their use in
children. In spite of this, a burgeoning number of pediatric radiologists and
other specialists have been investigating their off-label use for many applica-
tions in children, assiduously recording and pooling data on safety and effec-
tiveness. Principal among them have been the authors of this book, who have
both led and brought together many of their international colleagues, all com-
mitted to bringing the evident advantages of contrast-enhanced ultrasound to
pediatric diagnosis. The shear breadth of the titles of the contributions here
both testifies to their commitment and confirms this book as the most up-to-
date and comprehensive guide to the use of this new imaging modality in
children.

The book is particularly timely in view of another, uniquely North
American, story. Microbubble agents were first approved for abdominal diag-
nosis in European Union countries in 2002, which were soon joined by China,
Canada, Australasia, and many Asian and south American jurisdictions. But
in spite of continuous efforts by both manufacturers and medical organiza-
tions, the United States FDA allowed no approvals outside the heart until
finally, in 2016, they announced acceptance of the same agent and the same
indications that were approved in Europe nearly 15 years previously. However,
when they did so, they extended the approved indications to children. This
was something of a surprise, as it was known that the dossier presented to
them contained no pivotal safety or efficacy studies in this population. It sub-
sequently became clear that they had consulted the data that had been gath-
ered by the authors of this book and their colleagues. While it is notoriously
hazardous to divine the thinking of the FDA, it seems most likely that they
were considering the well-documented overuse of body CT in children in the
United States and the significant risk of needless radiation exposure to this
radiogenically vulnerable population. That contrast-enhanced ultrasound has
been shown to achieve diagnostic equivalence to CT in detection of liver
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metastases or in the characterization of focal liver lesions in adults suggests
that these might be important applications in children, where there is the
additional hazard of sedation associated with CT and MR examinations, as
well as the nephrotoxic risk of their contrast agents. For those interested in
pursuing contrast-enhanced ultrasound as a means to reduce reliance on con-
trast CT and MR in children, there is no better starting point than this book.

But microbubbles offer some truly unique properties that allow them to go
further than simple equivalence. They are relatively large, as nearly as big as
red blood cells, so cannot diffuse through vessel walls, as do molecular iodine
and gadolinium compounds. Thus, they have no interstitial phase, and in par-
ticular do not leak through hyperpermeable tumor vascular endothelium. In
practice, this means that liver tumor “washout” in the portal phase is a more
reliable sign of malignancy on CT or MR. As a pure blood pool agent, they
provide a direct image of the intravascular volume of an organ or of a tumor,
useful for gauging response to targeted therapies. And uniquely among con-
trast agents in medical imaging, they can be manipulated by the imaging
process itself. Thus by the press of a key, the bubbles can instantly be elimi-
nated from the imaging plane and their replenishment monitored in real time,
showing vascular morphology and providing a new method to quantitate
flow. The use of such techniques is well documented in the adult radiology
literature and the authors demonstrate in practical detail that almost all are
translatable to the pediatric patient.

The book begins with a description of the principles of contrast imaging:
by now, the techniques employed by the scanners have matured, settling on
one or two contrast-specific modes that are easy to understand. But as with all
ultrasound imaging, understanding is important because the images are pro-
duced and interpreted in real time by the operator, and it is essential to under-
stand the effect of the many parameters under his or her control. It is
extraordinary to contemplate that the basis of these methods—that ultrasound
stimulates the bubbles into resonant oscillation so that they ring like micro-
scopic bells—is no more than a serendipity of physics that the size of a bub-
ble determines that their resonance lies in the diagnostic frequency range.
Current machines are so sensitive to this resonance that they can resolve in
real time an individual bubble in a microvessel deep in an adult abdomen, a
feat unmatched by any other clinical modality. A discussion of the excellent
safety profile of ultrasound contrast agents includes summaries of the signifi-
cant safety studies published to date in children, whose enrolment will hope-
fully increase now that post-marketing surveillance of the approved agent is
underway. A chapter on artifacts peculiar to the contrast study follows, writ-
ten by the principal and most senior author. Novices to the field may well be
puzzled by the openly competitive enthusiasm shown by experienced sonog-
raphers for imaging artifacts; their appreciation is one of the hallmark plea-
sures of ultrasound imaging. A detailed, step-by-step guide to the performance
of a contrast examination is then provided, from initial planning to final
reporting.

Subsequent chapters are devoted to a comprehensive description of a
series of key clinical applications of contrast in pediatric diagnosis, including
focal liver lesions, organ transplantation, abdominal trauma, the kidneys,



Foreword

spleen, and scrotum; in pneumonia, inflammatory bowel, oncology, and spe-
cialist applications in interventional radiology, intraoperative neuroimaging,
and in the neonatal nursery. Each chapter is written by experts in the field, in
many cases those with the most experience worldwide, beginning with practi-
cal basics and progressing to the limit of current knowledge. Additional chap-
ters give the clinician’s perspective, in the liver and from the trauma room. An
important chapter is included on the principal extravascular indication for
ultrasound contrast (also approved by the FDA), of vesicoureteral reflux. It is
written by one of the originators of the method and presents convincing argu-
ments for its use over X-ray and radionuclide alternatives. Finally, an analysis
of cost-effectiveness of contrast-enhanced ultrasound in children comes from
the academic medical center of the main authors, and though inevitably
linked to the particulars of their own healthcare system, nonetheless provides
a prima facie case for any healthcare administrator to support its use.

As these applications continue to find their place, research propels the
acoustic bubble in new directions. Those currently approved are designed to
circulate passively within the vascular system; new ones have surface ligands
that attach to endothelial cells expressing VEGEF, indicative of vascular prolif-
eration, or VCAMs, associated with inflammation. Disrupting them in situ
allows measure of expression of these molecules. As alluded to in Chap. 2,
bubbles in oscillation near cell membranes can permeabilize them, allowing
the selective enhancement of drug delivery under ultrasound guidance.
Bubbles can even open the blood-brain barrier in regions selected by an
ultrasound beam through the skull or into the spinal cord. And liquid nano-
droplets can act as precursors of bubbles, diffusing into tissue and transform-
ing into bubbles under the ultrasound beam, releasing drugs or providing a
diagnostic beacon. Exciting and original though the benefits derived by pedi-
atric patients from the applications described in this book may be, they surely
are just the beginning.

Peter N. Burns
University of Toronto
Toronto, ON, Canada

Sunnybrook Research Institute
Toronto, ON, Canada



Preface

There has been a wealth of experience accumulated over the last 25 years
with regard to the application of contrast-enhanced ultrasound in adult prac-
tice. From the initial stages of the application of early ultrasound contrast
agents for “Doppler rescue” to the science of gene and drug delivery therapy,
the field has been constantly changing, improving, and most importantly
remaining innovative. Initially, this was mostly driven by practitioners in
Europe, exploring clinical applications outside the few licenced uses, con-
stantly discovering new areas, and extending the usefulness of this novel
extension of the ultrasound examination.

The ultrasound physicists made enormous advances in the understanding
of the interaction of the microbubble in an acoustic field, opening up tremen-
dous opportunity to image right down to the capillary level, reflecting the
unique intravascular nature of the microbbuble contrast agent. Multiple
advances in numerous areas made the development of the technique a fasci-
nating journey for those involved in the evolutionary process.

We as a team here at King’s College Hospital evolved with this unfolding
scenario, “tagging” along with the many greats of the field, experimenting
and innovating as much as we could, dragged along by the momentum gener-
ated by enthusiastic and skilled practitioners. The developments, particularly
on the technical aspects, rapidly advanced with usefulness of the technique so
blatantly obvious to the enthusiast.

Around the early part of this century, we were approached by our pediatric
clinical colleagues to help with reducing the amount of imaging they were
obliged to request when incidental abnormalities in the liver were picked up
on our ultrasound imaging. The hospital serves as a large tertiary referral for
chronic pediatric liver disease, with children on surveillance ultrasound at
regular intervals, with new focal liver lesions needing workup with computed
tomography and magnetic resonance imaging, often nearly always benign.
This additional “imaging” demands all those aspects that you should avoid in
children; sedation, general anesthesia, radiation, potentially harmful contrast
agents, which ultrasound avoids.

We had already an established adult liver contrast-enhanced ultrasound
service, and without hesitation we embarked on expanding pediatric applica-
tions into our contrast-enhanced ultrasound practice. We targeted the focal
liver lesions in these children, but we had previously been using contrast-
enhanced ultrasound following liver transplantation in both adults and chil-
dren, in pursuit of the elusive hepatic artery. This initiative proved to be
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successful; the parents readily agreed to the procedure as carefully explained
by the referring clinical team, the children had no fear of the “test” in the
friendly supported examination room and furthermore the accuracy of the test
matched that being seen in adults. The issue of “off-licence” was elegantly
detailed to the parent by the referring clinical team; most drug intervention is
“off-licence” in children but we do it for the betterment of healthcare for our
children.

We published our results, as did other groups across Europe, many using
this technique on an “ad hoc” basis, with an international questionnaire indi-
cating this was not an uncommon occurrence. The application of intravesical
contrast ultrasound (licenced application) was relatively common practice,
with intravenous applications in many organs documented by this survey.

Subsequently, the application of contrast ultrasound in the assessment and
follow-up of blunt abdominal trauma began to emerge in the adult population,
with almost immediate transfer to the management of trauma in children.
This seems to be an obvious option to apply contrast-enhanced ultrasound to
the follow-up of a resolving focal solid single organ injury, avoiding the need
to do repeated computed tomography examinations in the child. This has now
also become accepted practice in many trauma centers in Europe.

Many other groups have developed the applications of contrast-enhanced
ultrasound in children, and this book summarizes this experience. We are at
the beginning, and as we look back over the last 20 years of our own practice
and see how far we come, we are sure the transformation over the next 20
years will be unrecognizable today. We owe it to the children to image gently
and ultrasound is ideal for this. Adding a contrast agent to an ultrasound
examination avoids all the aspects of computed tomography and magnetic
resonance imaging procedures that may not always be needed or even be
detrimental to the child.

London, UK Paul S. Sidhu
London, UK Maria E. Sellars
London, UK Annamaria Deganello
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Physics of Microbubble Contrast

Agents

Kirsten Christensen-Jeffries
and Robert J. Eckersley

1.1 Introduction

Ultrasound (US) has become a routine clinical
imaging modality due to its ability to provide
safe, non-invasive, real-time images of soft tissue
structures, with costs far below that of other com-
mon clinical imaging techniques. Furthermore,
detecting blood flow in patients has been facili-
tated through the use of Doppler US. Nevertheless,
flow within small vessels or vessels at depth has
been limited due to the poor reflectivity of blood
and the strong echoes from the tissue.
Visualization of the vasculature in clinical US
has since been greatly enhanced with the devel-
opment of microbubbles as ultrasound contrast
agents (UCAs) [1-3].

Both the advancement in microbubble engi-
neering [4] and the improved understanding of
microbubble behavior [5] has facilitated the prog-
ress of contrast-enhanced ultrasound (CEUS)
imaging into a routine diagnostic procedure [6].
Comprehensive reviews of the mechanical prop-
erties, acoustic response, application, challenges
and future directions of microbubbles have been
published, which demonstrates the wide recogni-

K. Christensen-Jeffries (><)) - R. J. Eckersley
Department of Biomedical Engineering, School
of Biomedical Engineering and Imaging Sciences,
King’s College London, St Thomas’ Hospital,
London, UK

e-mail: kirsten.christensen-jeffries @kcl.ac.uk;
robert.eckersley @kcl.ac.uk
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tion of these UCAs as a valuable diagnostic tool
[5-7]. In this chapter, a summary of the physics of
microbubbles for CEUS is provided.

1.2 Microbubble Contrast

Agents

Microbubble UCAs are injected into the blood-
stream to enhance the backscatter signal from the
blood. Microbubble UCAs have gained increas-
ing interest since their introduction, and CEUS
has become a rapidly evolving field with exten-
sive clinical applications, including the assess-
ment of the macro- and micro-vasculature, the
quantification of organ perfusion, and the identi-
fication and characterization of abdominal
lesions. This has been achieved due to the safe
profile and the increased stability of microbub-
bles, which are able to persist in the bloodstream
for several minutes. Furthermore, the availability
of specialized contrast-specific US imaging tech-
niques has allowed considerable improvement in
the contrast resolution and signal suppression
from stationary tissues.

1.2.1 Efficacy of Microbubbles

as Contrast Agents

The blood itself is a weak scatterer of US. In 1968,
before the introduction of commercial agents, the

P. S. Sidhu et al. (eds.), Contrast-Enhanced Ultrasound in Pediatric Imaging,
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increased backscattering effect caused by gas bub-
bles was observed during cardiac catheterization,
where gas bubbles were formed during the injec-
tion of saline solution [8]. Ultrasound insonation
of gas bubbles not only creates increased backscat-
tering due to the presence of gas within the sur-
rounding media, but its compressibility allows
bubbles to undergo compression and expansion in
response to the peaks and troughs of the acoustic
wave. This produces a strong backscattered signal,
which can provide a bright contrast within the
blood pool. Nevertheless, gas cavities such as
these are unstable and unlikely to survive the pul-
monary circulation. Nowadays, bubbles are engi-
neered using different shell and core compositions
to improve both their persistence in the blood-
stream and their effectiveness as contrast agents.

1.2.2 Composition of Microbubble
Contrast Agents

Microbubble UCAs are typically 1-7 um in size,
and are composed of a gas core encapsulated by a
shell. Currently, many engineered commercial
microbubbles are available worldwide, with
varying compositions and attributes depending
on their desired application (Table 1.1).

1.2.2.1 Core

Air bubbles of this size are inherently unstable
because of the surface tension between the gas
core and surrounding liquid; the gas tries to dif-

fuse into the liquid. By using a core gas with a
lower solubility and lower diffusivity than air
(e.g., perfluorocarbon or sulfur hexafluoride), the
microbubble stability is increased. Commercial
agents are typically created with a low-density
gas core. This choice of gas has another benefit
that it creates a large impedance mismatch
between the bubble and its surrounding media,
and thus increases the resulting backscatter when
it is hit with an ultrasound wave. At the end of the
bubble’s lifetime, this gas from the core dissolves
in the blood and is exhaled via the lungs (around
10-15 min after injection).

1.2.2.2 Shell Types

The microbubble shell also helps to stabilize the
bubble. These usually have a thickness of around
10-200 nm and are usually composed of biocom-
patible materials, including proteins, lipids, or
biopolymers [9]. These can make the shell stiff
(e.g., polymers, denaturated albumin) or flexible
(e.g., phospholipids). Therefore, the properties of
the shell (as well as the gas core) affect the micro-
bubble response to acoustic radiation. For exam-
ple, stiff polymer-coated microbubbles do not
expand and contract at low acoustic pressures,
and buckle when acoustic pressure is high, while
a flexible phospholipid shell will allow the micro-
bubble to strongly oscillate in response to low
pressure acoustics without rupturing [10]. The
returning echo is thus much stronger than that
from similar-sized incompressible objects, such
as red blood cells.

Table 1.1 The core gas and shell material of commercial microbubble contrast agents

Company name Agent Gas Shell
Mallinckrodt Albunex Air (Nitrogen) Albumin
Schering Echovist Air (Nitrogen) Galactose
Levovist Air (Nitrogen) Galactose
Sonavist Air (Nitrogen) Cyanoacrylate
Quadrant Myomap Air (Nitrogen) Albumin
Quantison Air (Nitrogen) Albumin
Bracco SonoVue Sulfur hexafluoride Phospholipid
BR14 Perfluorobutane Phospholipid
Bristol-Myers Squibb Medical Definity Octafluoropropane Phospholipid
Imaging
Alliance Imagent—Imavist Perfluorohexane Phospholipid
GE Healthcare Optison Perfluorobutane Albumin
Sonazoid Perfluorobutane Phospholipid

Information acquired from [8]



1 Physics of Microbubble Contrast Agents

1.2.2.3 Size

Microbubbles have a similar size to red blood
cells, which is advantageous for two reasons.
Firstly, this means the microbubbles remain
within the vascular space: acting as a microvas-
cular marker and allowing multiple passages
through the lungs [1]. Secondly, their size means
they have a resonance frequency that falls within
the medical US frequency range [11], resulting in
a dramatic increase in the amplitude of their
response. This will be described further in the
following section.

1.2.3 Microbubble Behavior
in Acoustic Fields

The high compressibility typical of microbub-
bles means that they are capable of large volu-
metric oscillations in response to an acoustic
pulse [2]. When a wave hits the microbubble,
the bubble alternately compresses and expands
due to the positive and negative sections of the
wave respectively, as shown for SonoVue™
(Bracco SpA, Milan) microbubbles (Fig. 1.1).
This volume pulsation causes the surrounding
medium to oscillate. The returning echo is
much stronger than that from similar-sized
incompressible objects, such as red blood cells.

Phospholipid
Layer

1.2.3.1 Linear Response

At low acoustic pressures, the expansion and com-
pression phases of the microbubble are equal in
response to the incident wave. This is known as lin-
ear oscillation and results in symmetrical scattered
signals with the same frequency as the transmitted
pulse. This volume pulsation is frequency-
dependent. Volumetric oscillations are at a maxi-
mum at a specific frequency, which is referred to as
the natural resonant frequency of the microbubble,
and this is inversely related to its size. At the reso-
nant frequency, the microbubble absorbs and scat-
ters sound very efficiently. This is illustrated further
within models described in Sect. 1.2.4.

1.2.3.2 Nonlinear Response

If the insonation pressure is sufficiently high, the
microbubble can vibrate with asymmetrical oscil-
lations, where the expansion and compression
amplitudes become unequal [5, 12]. This “non-
linear” response to the acoustic pressure wave
generates a broad spectrum of radiated energy at
multiples and integer sub-multiples of the
insonating frequency, termed harmonics and sub-
harmonics [11]. The nonlinear response of micro-
bubbles is not typically shown by tissue, and thus
this offers the possibility of separating the
response of bubbles from that of surrounding tis-
sue. There have been many signal processing

o{yo(Ho
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Fig. 1.1 SonoVue™ microbubble and its response to a
sound wave. Microbubbles are comprised of a phospho-
lipid monolayer and a sulfur hexafluoride (SF6) gas core.
When insonated with an acoustic wave, the bubble under-
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goes compression and expansion phases, resulting in the
creation of a backscatter echo. https://kclpure.kcl.ac.uk/
portal/files/83192542/2017_Christensen_Jeffries_
Kirsten_Mia_1254928_ethesis.pdf
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techniques developed to detect these echoes,
which will be discussed in Sect. 1.3.3.

1.2.3.3 Microbubble Destruction

At even higher acoustic pressures, the micro-
bubble shell is compromised at a threshold neg-
ative pressure and the microbubbles are
destroyed. Disruption of the microbubble shell
allows the contained gas to be released and dis-
solution occurs. This phenomenon, though
unfavorable in many imaging strategies, can be
advantageous in certain situations. The destruc-
tion of the microbubble causes the scattering
level to increase for a short period of time, as
well as being highly nonlinear, which can allow
its detection [13]. Furthermore, techniques
such as destruction-replenishment, where, fol-
lowing disruption, the replenishment of micro-
bubble flow into a region of interest is monitored
in real time, allow the estimation of dynamic
blood flow and volume information in a tissue
region [14].

1.2.4 Models of Microbubble
Dynamics

Since 1917, a variety of theoretical models have
been developed to study gas bubble dynamics in
liquids. A fundamental equation of bubble
dynamics was developed by Rayleigh and Plesset
[15-18], which models the simplest case of a free
microbubble driven by a low amplitude sound
field in an infinite fluid. Rayleigh-Plessetbased
equations have been used extensively in the field
to model the behavior of contrast agents. By
neglecting liquid compressibility effects for an
unshelled bubble, and assuming that the gas pres-
sure in the bubble is uniform and obeys the poly-
tropic law, this can be given by:

N 3. 417R 20
p(RR+§R2j:pg(t)_po_pi(t)_T_?,
(1.1)

where R and R represent respectively the first-
and second-order time derivatives of the bubble
radius R, p, is the hydrostatic pressure, p;(¢) is the
incident ultrasound pressure in the liquid at an

infinite distance, p,(?) is the uniform gas pressure
within the bubble and p, o, and 5 are the density,
surface tension, and viscosity of the bulk fluid,
respectively.

Using a small-amplitude oscillation assump-
tion, the Rayleigh—Plesset equation has been
widely applied to study many aspects of bubble
dynamics such as acoustic scattering characteris-
tics and thermal damping effects. Furthermore, at
these small amplitudes of displacement where the
bubble radius is approximated by simple harmonic
oscillation, the bubble will have its own resonance
frequency. When the US driving frequency is at
this resonance frequency, the bubble will oscillate
vigorously. The acoustic resonance frequency, fj,
of a single bubble can be given by [19, 20]:

2
1 3y 1 )20 2n
2R\ p 3y ) R PR (12)
where y is the adiabatic ideal gas constant and
P, is the ambient fluid pressure. Neglecting the

effects of surface tension and viscosity, the
expression simplifies to

1A

foNerR p

(1.3)

This shows that the resonance frequency is
inversely proportional to the bubble radius.
Indeed, such models contain many assumptions,
while real-life situations often involve more com-
plex situations, such as those involving encapsu-
lated bubbles traveling within small blood vessels
often containing high concentrations of red blood
cells and driven by high amplitude sound fields.
In order to accurately model the behavior of
microbubbles in vivo, and improve agreement
between theory and measurements, a series of
increasingly complex models have been devel-
oped which are not included here. These still
include a number of assumptions and simplifica-
tions in each case, but may be more complete
models for specific scenarios. A Rayleigh—
Plesset-based model describing the dynamics of
encapsulated microbubbles has been developed
by Church, which relates backscatter and attenu-
ation coefficients to shell parameters such as its
thickness and rigidity [21]. Hoff et al. [22] devel-
oped a model using viscous and elastic properties
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of the shell to describe polymeric microbubble
behavior. Modified Rayleigh—Plesset equations
have also been developed for thin and thick vis-
coelastic-shelled agents, examining shell viscos-
ity and elasticity effects [23]. Other work has also
modeled the behavior of unshelled bubbles within
a bubble cloud [24] and the behavior of a single
microbubble non-spherically oscillating within a
small vessel [25].

An important effect arising from the reso-
nance of a gas bubble is the significant increase in
scattering that results. The simplest mathematical
description of the scattering of sound waves from
a particle whose diameter is much smaller than
the incident wavelength, d < 1 or ka < 1, is
Rayleigh scattering [26], proposed in 1871 by
Lord Rayleigh where d is the particle diameter, 1
is the wavelength of the incident acoustic wave,

k = 27/ is the acoustic wavenumber and R = %d

is the particle radius. For a microbubble, the scat-
tering cross section, oy, is the quotient of the
acoustic power scattered in all directions per unit
incident and is given by [27]

2 2
K-K —
. ~4nR () l[g—KJ %{%} ]
0
(1.4)

or
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where v is the speed of sound in the medium.
Rayleigh scattering, therefore, depends on the
fourth power of the frequency and sixth power of
particle diameter. The bracketed term describes
the dependence of scattering on the particle mate-
rial parameters, given by the density,

P==>
\% (1.6)
where m is the mass and V is the volume of the
scatterer, The bulk modulus, K, is defined by

vAr
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1.7)

where Ap is the change in pressure and AV is the
change in volume, and thus is a measure of the
compressional stiffness. As can be seen from Eq
(1.5), the scattering cross section varies dramati-
cally with frequency. At resonance, the scattering
cross section reaches its maximum, which is
orders of magnitude larger than the bubble geo-
metric cross section. Knowledge of the resonant
frequency of a bubble can drastically improve the
backscatter signals achievable from microbubble
contrast agents.

1.3  Ultrasound Imaging
with Contrast
1.3.1 Ultrasound Imaging

Ultrasound is a wide-ranging and continually
advancing field, where innovations through the
application of physics and engineering are pav-
ing the way for new and improved imaging tech-
nologies for diagnosis, treatment assessment, and
therapy guidance [1, 28, 29]. Some excellent
reviews provide an insight into developments in
the extensive field of US imaging [11, 28, 30].
The following review focuses on the general
characteristics and physics of US imaging, and
more specifically, CEUS.

Ultrasound waves are defined as longitudinal
waves which have a frequency above 20 kHz,
higher than the range humans are capable of hear-
ing. Clinical US imaging generally involves the use
of frequencies in the range of 1-10 MHz.
Transducers are used to transmit and receive sound
signals. Modern transducers have an array of sev-
eral elements and can operate over a range of fre-
quencies defined by their bandwidth. Sound waves
propagating into the body are partly absorbed by
tissue but are also reflected, or scattered, back to
the transducer where they are detected [31]. Given
an estimate for the average speed of sound in the
medium, and the time taken for the pulse to be
reflected, the distance to a particular boundary can
be very simply calculated. The processing capabili-
ties of US scanners allow for the creation of real-
time images for diagnostic use. Standard Brightness
mode (B-mode) grayscale images are constructed
using the amplitude of the received echo [32].
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1.3.2 Mechanical Index (Ml)

An important system parameter is the user-defined
mechanical index (MI), which is directly related
to the peak negative pressure of the transmitted
acoustic wave, py in kPa, and the frequency, f, in
MHz, of the transducer, and is defined by

- Py
Jf (1.8)

The MI is an indication of the potential for
mechanical bio-effects created by the US
insonation. In the United States, the Food and
Drug Administration (FDA) specifies a maxi-
mum MI of 1.9 MPa MHz~"* for clinical investi-
gations [33]. However, it must be noted that the
value of MI given by Eq. (1.1) is only an approxi-
mation. The real MI value is spatially variant
since the acoustic wave will be subject to attenu-
ation and diffraction during propagation.

In the case of CEUS, at high acoustic pres-
sures, the microbubble shell is compromised at a
threshold negative pressure, and microbubbles
are disrupted. This releases the contained gas,
and dissolution occurs. Therefore, CEUS com-
monly uses a considerably lower MI than the
FDA approved level stated above of between
0.05-0.4 MPa MHz"'"? to minimize bubble dis-
ruption [33]. However, it should be noted that the
system-displayed MI in itself has not been shown
to directly predict the amount of microbubble
destruction, with other factors related to scanner
and transducer settings also contributing to the
outcome [34].

MI

1.3.3 Contrast-Enhanced
Ultrasound Imaging (CEUS)

Through the development of microbubbles as
UCAs and the advent of advanced techniques to
exploit the unique nonlinear response of micro-
bubbles, US imaging specificity and sensitivity
have improved. This section gives an overview of
the contrast imaging methods that are currently
available or under investigation. Excluding fun-
damental B-Mode imaging, these all exploit the
unique signature of microbubbles that distinguish

them from tissue, as discussed previously. A key
term used to describe the performance of imag-
ing techniques is the ratio of the scattered power
from the contrast agent to the scattered power
from the tissue and is termed “contrast-to-tissue
ratio” (CTR).

1.3.3.1 Fundamental B-Mode Imaging
In this mode, a microbubble enhances the back-
scatter signal and therefore the intensity level in
the image. However, since fundamental B-Mode
imaging has been designed for tissue imaging,
this technique can result in a poor CTR [13].

1.3.3.2 Harmonic B-Mode Imaging
Harmonic imaging was the first technique to
exploit the nonlinear behavior of microbubbles to
enhance imaging CTR. Since echoes from micro-
bubbles typically contain considerably more har-
monic energy than tissue, most notably at twice
the insonating frequency, in this mode the system
transmits US at a particular frequency, and receives
signals preferentially at twice this frequency [13].
As a result, this selective imaging enhances the
bubble signals and suppresses signals from tissue.
Nevertheless, to perform harmonic imaging with a
single transducer, the frequency bandwidths of
both the transmit and receive must fit within the
bandwidth of the transducer to ensure the system
sensitivity is high enough. To do this, narrowband
signals are needed, which in turn reduces the spa-
tial resolution of the imaging system. Therefore,
harmonic imaging generally involves optimizing
the trade-off between imaging resolution and con-
trast detectability [13].

1.3.3.3 Harmonic Power Doppler

Conventional Doppler US estimates the velocity
of blood flow by estimating the motion of scatter-
ing objects in the blood in an area of interest.
Power Doppler US provides information about
the strength, or power, of the returned signal, but
does not provide information about the direction
of the flow. Harmonic Doppler US performs the
same as conventional Doppler US technique, but
receives signals at twice the frequency of the
transmitted signals. The addition of contrast
agents for harmonic power Doppler US makes the
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technique particularly sensitive to flow from small
vessels with a typically higher signal-to-noise
ratio (SNR) than the conventional technique.

1.3.3.4 Multi-Pulse Contrast-Enhanced
Imaging

Multi-pulse imaging procedures such as pulse
inversion (PI) and amplitude modulation (AM) [8]
have provided improved resolution and SNR, and
have been shown to provide enhanced lesion visibil-
ity and diagnostic confidence [35]. These tech-
niques exploit the nonlinear signature of
microbubble scattering in order to detect the con-
trast agent in the blood while suppressing linear sig-
nals. This can provide enhanced visualization of
perfusion, an example abdominal contrast-enhanced
image is shown alongside a simultaneously acquired
B-mode scan of the same region (Fig. 1.2). Here,
visualization of a liver lesion is greatly enhanced
with the use of multi-pulse CEUS.

Pulse Inversion (PI)

Unlike harmonic imaging, pulse inversion (PI),
also known as pulse subtraction or phase inversion
mode, is able to use broader transmit and receive
bandwidths, and therefore overcomes the contrast
detectability and imaging resolution trade-off
characteristic of other techniques. PI involves the
transmission of two successive pulses along each
scan line, 180° phase shifted with respect to one
another, the echoes of which are then summed on
return [36, 37]. When these pulses are reflected by

a linear scatterer, the two received echoes will can-
cel each other out when summed since they are out
of phase. In the case of a nonlinear scatterer, how-
ever, the sum of the two echoes is non-zero as the
initial phase difference of 180° is not conserved
(Fig. 1.3) [38]. As a result, the fundamental com-
ponent of the echo cancels, but the harmonic com-
ponent adds, doubling the magnitude of the
harmonic level of a single echo [39]. This tech-
nique has the advantage over harmonic imaging
and harmonic power Doppler US that it avoids
bandwidth limitations associated with separating
harmonic signals from the transmitted fundamen-
tal signal, and therefore provides better imaging
resolution. Furthermore, since PI imaging has
been shown to work well at low MI, the lifetime of
the contrast agent is prolonged. Nevertheless, the
nature of this as a multi-pulse scheme means that
any tissue motion between frames can result in
incomplete removal of tissue and artifact.

Amplitude Modulation (AM)

In AM [8], also known as power modulation,
instead of inverting the polarity between the two
pulses, as in PI, the pulses are modified in ampli-
tude. For example, two consecutive pulses can be
sent with amplitudes (Y2, 1), and the scattered
response from the half amplitude pulse is scaled
by a factor of two and subtracted from the full
amplitude response [40]. This approach works in
a similar manner to PI, in which an appropriate
combination of the returned echoes will result in

Fig. 1.2 Abdominal US B-mode scan alongside sequen-
tially acquired CEUS imaging, where a weakly perfused
region corresponding to a liver lesion can be clearly visu-

alized with the introduction of microbubble contrast
agents. (Figure acquired from Hammersmith Hospital
courtesy of Prof. David Cosgrove)
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Fig. 1.3 Principles of pulse inversion (PI) and amplitude
modulation (AM). (a) PI: A positive (dashed line) and
inverted (dotted line) pulses are transmitted sequentially
along one scan line. Linear targets produce symmetric
scattered echoes, while non-linear targets produce asym-
metric echoes to those transmitted. Linear targets thus
cancel upon summation, whereas residual signal remains
for non-linear echoes. (b) AM: A full amplitude (dashed

complete signal cancellation for stationary linear
scatterers, while echoes from non-linear micro-
bubbles will produce residual signals. These
residual signals occur because the microbubbles
respond nonlinearly to the different amplitude
pulses, e.g., a pulse with double the amplitude
will not produce an echo with twice the ampli-
tude, whereas for tissue this would be the case.
Importantly, an advantage of AM over PI is
that it can detect nonlinear signals both at the
fundamental frequency and at harmonic frequen-
cies, nevertheless, the second harmonic part is
lower than in PI [32]. This conservation of the
odd harmonic components holds some advan-
tages over PI such as the ability to detect pressure
dependent nonlinear effects and increased sensi-
tivity. This is because the fundamental compo-
nent contains more energy than in any other
harmonic component and the echo suffers less
attenuation due to its lower frequency than higher
harmonic components [41]. Furthermore, the
transducer efficiency is greater since its center
frequency can match that of the fundamental,
whereas for second harmonic detection both the
transmitted (fundamental) frequency and the sec-
ond harmonic generally lie in the less efficient
parts of the transducer’s frequency response.

b
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line) and scaled-down version of the same pulse (dotted
line) are transmitted as successive pulses, here shown for
a scaling factor of 2. The amplitude difference will be
compensated using a scaling factor before subtracting the
signals, to remove the linear scattering. Alternatively,
three consecutive pulses can be sent with amplitudes (Y2,
1, ¥2), and the scattered response from the half amplitude
pulses is subtracted from the full amplitude response

Alternative Multi-Pulse Sequences

Multi-pulse sequences where the amplitude of the
pulses is modified, as well as inverting the phase,
such as pulse inversion amplitude modulation
(PIAM), have the advantage of both gaining a
stronger second harmonic component than AM
and a fundamental component which is not pres-
ent in PI, while also maintaining the suppression
of the linear signals [41]. Contrast pulse sequenc-
ing (CPS) refers to a more general strategy involv-
ing the transmission of a number of amplitude and
phase modified pulses along each scan line, with
corresponding weighting factors. By summing
echoes from a suitable choice of transmission
pulses and with appropriate weighting factors,
detection or suppression of specific harmonics is
possible [39, 42]. Typically, only two pulse ampli-
tudes are used, one being half that of the other,
and phase shifts of either 0° or 180°, although
variations of these do exist. Manufacturers of
clinical imaging systems often have their own
version of multi-pulse contrast sequences, which
use variations of these principles to enhance con-
trast signals. A mode known as Cadence™ CPS
used in Siemen’s systems involves the transmis-
sion of three pulses with amplitudes (Y2, —1, 12)
and weightings (1, 1, 1). Methods such as these
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have been shown to have high microbubble sensi-
tivity since the echoes generated have a large sec-
ond harmonic component [14].

1.3.3.5 Super- and Sub-Harmonic
Imaging

Despite the benefits of second harmonic imaging,
nonlinear propagation (see Sect. 1.3.3.6) through
tissue can still degrade the image by limiting con-
trast and tissue discrimination. It has been shown
that discrimination between the perfused tissue
and contrast agents can be improved as a function
of the order of the harmonic frequency [43].
Therefore, to further increase the CTR, the detec-
tion of higher harmonics, for example, the third
to fifth, referred to as super-harmonics, or super-
harmonic imaging (SHI) can be used [44].
However, the use of SHI implies a large dynamic
range and requires a sufficiently sensitive array
over a frequency range from the transmission fre-
quency up to the chosen higher harmonic (often
bandwidth >130%). In current systems, the trans-
ducer bandwidth is often limited to 70-80%,
which makes it hard or impossible to perform
SHI imaging. Therefore, interleaved dual-fre-
quency arrays have been designed primarily for
SHI.

It is also known that bubbles are not only able
to generate harmonics, and super-harmonics, but
also ultra-harmonics at 3/2f, 5/2f, etc., and sub-
harmonics at 1/2f, 1/3f etc. Unlike harmonic
imaging, the contribution to these from tissue is
negligible at typical diagnostic frequencies, and
sub-harmonics have the advantage of being less
affected by frequency dependent attenuation
effects. However, the generation of sub-
harmonics depends on both the frequency and
pressure of the transmitted wave, where trans-
mission at twice the resonant frequency of the
bubble, and pressure above a certain pressure
leads to generation of sub-harmonics [45—47].

1.3.3.6 Potential Harmonic Imaging
Artifacts

Imaging techniques that rely upon the nonlinear-

ity of bubble echoes for detection require a high

enough acoustic pressure to induce non-linear

bubble behavior. At these US pressures, slight
nonlinearities in sound propagation can occur
through tissue, which gradually deform the wave
as it travels, introducing harmonic frequencies
into the wave. This is known as “nonlinear propa-
gation,” and is known to limit the maximal CTR
achievable for harmonic filtering methods.
Additionally, the second harmonic signal under-
goes greater attenuation than the fundamental,
which can further reduce the CTR. This is due to
the frequency-dependent attenuation effects.

1.4  Summary

The availability of new generations of engineered
UCAs has stimulated extensive research and
development of US technology to image these
contrast agents. Selective detection strategies that
exploit the unique responses of these bubbles
have led to many effective contrast specific imag-
ing methods, many of which are available on
clinical imaging systems. Techniques that can
effectively distinguish bubble echoes from those
of the surrounding tissue have considerably
improved image quality and sensitivity. A com-
prehensive understanding of the physics of
microbubbles and their interaction with US will
continue to improve current imaging techniques
and the development of new ones.
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Safety of Contrast-Enhanced

Ultrasound

Gail ter Haar

2.1 Introduction

Contrast-enhanced ultrasound (CEUYS) is often
chosen instead of other imaging modalities
because of the perception that it is a “safe”
technique that does not involve the use of ion-
izing radiation. In this chapter, the evidence for
this stance for non-cardiac applications is
examined. In a recent survey of members of the
U.S. Society for Pediatric Radiology, the main
reasons given for the use of CEUS were as a
replacement for fluoroscopy, computed tomog-
raphy (CT), or magnetic resonance (MR) imag-
ing, with other reasons given including lack of
nephrotoxicity (since the microbubbles do not
have to clear through the kidneys), the avail-
ability of ultrasound (US), low cost, and point
of care availability [1].

There is little doubt from pre-clinical in vitro
and in vivo experiments involving studies of the
US exposure of microbubble ultrasound contrast
agents (UCAs) that they present a potential haz-
ard since biological effects have been seen, but
the question to be answered is whether such
exposures are safe in clinical use, that is, do they
present an unacceptable risk? Here, risk is defined
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as the probability of occurrence of harm, and its
severity. For imaging, and especially in pediat-
rics, the risk to benefit ratio should remain very
low.

Ultrasound contrast agents take the form of
stabilized microbubbles encapsulated in a lipid,
albumin, or other shell. This stabilization is nec-
essary as “unshelled” air bubbles will dissolve in
minutes in the blood. The microbubble core is an
inert gas such as perfluorocarbon or sulfur hexa-
fluoride. The microbubble diameter (1-5 pm) is
designed to be about the same size as that of red
blood cells, allowing them to transit the lungs
intact and to remain in the blood pool. Once the
microbubble is dissolved, the shell can be metab-
olized by the liver, and the gas is exhaled. These
microbubbles are designed to be strong scatterers
of US. They enhance the echogenicity of well-
vascularized regions, revealing parenchymal ves-
sels and blood pools, and allowing functional
imaging using wash in/wash out techniques [2—
4]. The number of clinically approved UCA is
limited, with different countries taking different
stances on approval of their use. Assessment is
not made easier by the change in the name of
agents as they cross continental borders. Contrast
agents currently approved for clinical use are
SonoVue™ (Lumason™ in the United States,
Bracco Diagnostics), Optison™ (GE Healthcare),
Luminity™ [3] (Definity™ outside Europe;
Lantheus Medical Imaging), and Sonazoid™
(GE Healthcare) [4]. Although non-cardiac appli-
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cations were approved outside the United States
in the early 2000s, the use of Lumason™ was
approved by the Food and Drug Administration
(FDA) for adult and pediatric liver examinations
only in 2016. It was approved by the FDA for
intravesical use in children in the same year [5].

Three different ways of delivering UCA to
children have been described—oral, intravenous
(IV), and intracavitary (IC), although the oral
route has only been reported once, for the diag-
nosis of  gastro-oesophageal reflux [6].
Intravenous administration follows the same pro-
cedure as used in adults, and is increasingly
accepted as, in contrast to CT examinations, it
avoids ionizing radiation, and does not require
the sedation needed for peditric MR imaging.
These considerations are in addition to the well-
documented advantages of portability and low
cost of US devices. Intra-cavitary UCAs are used
for the diagnosis of vesico-ureteric reflux in chil-
dren. Here, the CEUS images that are acquired
during voiding are a more acceptable technique
in children than the other available options,
which involve radionuclide imaging.

As with contrast agents for other imaging
modalities, it is important to know whether UCAs
can give rise to anaphylactoid reactions. The inci-
dence of these is lower than that for X-ray con-
trast agents, but comparable with that for MR
imaging. In one study, a rate of 0.01% has been
reported [7].

2.2  Biophysics and Bio-effects

The design of microbubbles is such that they not
only scatter sound more effectively than the red
blood cells around them in the vasculature due to
their reflective cores, but also have a non-linear
response to the incident US wave that results in
scattered frequencies that are different from those
by which the microbubbles are driven [3, 8].
Ultrasound contrast agents oscillate in response
to the incident sound field. In contrast to the
behavior of free gas bubbles, the response of the
encapsulated microbubbles used for biomedical
applications is determined by a number of fac-
tors, including the interfacial tension between the

microbubble and its surroundings, and the vis-
cosity of its shell [8].

At very low incident pressures, UCAs undergo
approximately linear oscillations—growing and
shrinking by the same amount each pressure
cycle. As the US pressure increases, the motion
becomes non-linear, with the microbubble
expanding more than it contracts in each cycle,
and the periodicity of this motion becomes less
uniform. This process is known as stable, or non-
inertial, cavitation. If the acoustic pressure is
increased still further, the oscillations become
increasingly chaotic and the microbubble may
undergo violent collapse, creating a shock wave
and fragmenting into smaller microbubbles. This
behavior is known as collapse, or inertial, cavita-
tion and is locally extremely destructive to the
surrounding medium. A stably oscillating micro-
bubble produces echoes containing not only the
fundamental imaging frequency but integer mul-
tiples of it (harmonics). These higher frequencies
allow differentiation of microbubble echoes from
those echoes coming from tissues, and are used
by sophisticated signal processing techniques to
produce high contrast images [2, 3, 8].

Acoustic streaming patterns are created
around an oscillating microbubble [8-12]. The
nature of these patterns varies, depending on the
proximity of surfaces and of other microbubbles.
These circulating flows create shear stresses that
can result in biological effects at nearby cell
membranes. It is thought that this is the mecha-
nism by which intracellular uptake of therapeutic
drugs is enhanced, but at high microbubble oscil-
lation amplitudes this streaming can lead to
membrane disruption.

The most common damage seen following US
exposure of UCAs in pre-clinical models is to the
microvasculature. This is most likely to arise from
the destruction of the microbubbles. This micro-
vessel disruption has been shown in the heart,
muscle, kidney, liver, and intestine following clin-
ical diagnostic US exposure levels [13-22]. A
study of flash replenishment contrast imaging in
rodent kidneys was unable to show any hemor-
rhage either 4 h or 6 weeks after exposure [23].

In an attempt to provide the user with infor-
mation about the safety of an US examination,
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two indices, MI (mechanical index) and TI
(thermal index) have been introduced [24-26].
One or both of these are displayed on the screen
during the US examination. The MI is designed
to address safety related to mechanical effects,
predominantly due to cavitation. The TI addresses
the potential for thermal effects arising from an
US exposure. In the absence of microbubbles,
thermal effects are more likely than non-thermal
effects. MI is the more relevant index when con-
sidering the safety of CEUS. It is defined by the
equation MI = p~/ \/ f where p~ is the peak nega-
tive pressure and f is the fundamental frequency
of the US beam. An MI of 0.7 is taken as the
threshold for cavitation in tissues in which there
are existing nuclei from which microbubbles can
grow [27] and MI = 0.3 is taken as the threshold
at which capillary bleeding can occur in gas-
containing organs such as the lungs or intestine.
In general, it is sensible to conduct CEUS exami-
nations for conditions under which MI remains
<0.4 [2]. At this level, UCAs are likely to remain
intact, but it should be remembered that the for-
mulation of MI was undertaken to address the
behavior of free (unshelled) microbubbles. While
it serves as a useful indicator of the potential for
non-thermal effects during CEUS, it is likely to
give only a rough estimate.

2.3  Safety of CEUS in Pediatrics:

Clinical Evidence

The safety of UCAs when used clinically in chil-
dren has been the subject of a number of studies.
In 2013 the Society for Pediatric Radiology and
the International Contrast Ultrasound Society
reviewed papers describing this off-label prac-
tice for non-cardiac applications [6]. Both IV
and IC delivery of UCAs were analyzed. Only
minor adverse events were reported, with an
incidence of 0.1-0.5% in patients receiving IV
UCAs (n = 1071), and 0.8% for those in whom
they = were  administered intra-vesically
(n = 2951). The adverse events were transient,
and the higher incidence in the latter group was
attributed to problems of bladder catheterization.
More recent reports have borne out these find-
ings. Piskunowicz et al. (2015) again reviewed

the literature and found that of 502 children,
there was one incidence of anaphylactic shock
and nine mild, transitory adverse effects [28].
These included altered taste, lightheadedness,
headaches, and transient nausea. Similar results
are reported by Rosado and Riccabona (2016)
who found literature relating to the use of
SonoVue™, Optison™, and Definity™ [29]. A
single center, prospective study from China
involved 312 children [30], found three incidents
of hypotension, and three of the development of
a rash, all of which resolved readily. Yusuf et al.
(2017) reviewed the records of 305 pediatric
patients who had had CEUS investigations [31].
They saw no immediate adverse reactions, but in
two patients (0.7%) they saw delayed, transient,
hypertension in one, and tachycardia in another.
The authors point out that these delayed effects
occurred after the UCA components would have
been expected to have cleared and so may not
have been a direct result of the CEUS procedure.
An EFSUMB position statement points out that
although many CEUS examinations involve the
“off-label” use of UCA, this is not a barrier, as
this is fairly common for any pharmaceutical
agents prescribed in children [5]. The conclusion
from all these reports indicates that adverse
events are similar in children to those found in
adults, and so the use of CEUS in pediatrics is
acceptable from a safety standpoint.

Recommendations
for Ensuring Safe Use
of UCAs in Pediatric Patients

24

There are some basic precautions that should be
taken in order to ensure the continuing safety of
CEUS in pediatrics [32]:

* Examine at low MI. Where possible, choose
an MI with 0.4 as the default output setting.
Increase this level only where there is a clini-
cal need for a better image. Keep a record of
the highest MI encountered during each
examination.

e Keep the exposure time as short as possible,
providing the required clinical information is
acquired.
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Use the lowest dose of UCA that gives the
required information.

Always have resuscitation facilities available,
in case of anaphylaxis.

Ensure that anyone conducting the CEUS
examination has had proper training.
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Martin Krix

3.1 Introduction

Quantitative approaches beyond basic measure-
ments of size are not yet common in imaging-
based diagnosis. The diagnostic assessment
often relies on a subjective, descriptive image
interpretation by the diagnostic physician. This
implies that this may also be the method of the
evaluation for contrast enhancement and related
information about tissue characterization, perfu-
sion, or function. Traditionally, nuclear medicine
has been different since quantification of radio-
tracer uptake is routinely integrated into the
diagnostic algorithm. However, quantification of
imaging-based information is rarely performed
in magnetic resonance (MR) imaging, computed
tomography (CT) imaging, or other X-ray-based
methods. Or, if quantification is existence, such
as Hounsfield units in CT, related data are not
reported or not implemented in routine diagnos-
tic approaches. In this respect, contrast-enhanced
ultrasound (CEUS) has also followed a similar
path, with limited use of quantification methods.
However, a few relevant applications for quanti-
tative perfusion already exist, particularly using
CT methods in stroke imaging, highlighting the
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usefulness of quantification  assessment.
Furthermore, there is also an increasing medical
need for diagnostic procedures that provide
quantitative parameters, e.g., for follow-up eval-
uation of modern treatment in oncology [1, 2]. In
pediatric indications, its use may even be more
limited [3]. Future trends in medicine such as
large data analysis or artificial intelligence may
require or result in more quantitative approaches.
Thus, for ultrasound (US) and CEUS quantita-
tive methods may become crucial, particularly
considering when over time these imaging
modalities will thrive, eventually routinely pro-
viding objective and standardized data.

In the following chapter, it is described how to
perform quantitative CEUS, which technical
aspects should be kept in mind and which exami-
nation methods exist to quantitatively analyze
CEUS [4]. Applications of quantitative CEUS in
pediatrics are briefly reviewed.

3.2 Requirements
for Quantification

of CEUS Data

To quantitatively assess CEUS, the whole con-
trast dynamics over time is usually evaluated. As
3D transducers with CEUS capabilities are not
yet routinely available, this implies that an US
section (e.g., of the liver) needs to be identified
and chosen as representing the clinical question,
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and then the position of the US transducer needs
to be kept constant during the examination. Any
patient-related movement should be minimized.
For in-plane motion, correction algorithms have
been developed and automatic quantification
software tools exist which implement any motion
correction options [5].

Ultrasound contrast agents (UCAs) consist of
microbubbles which interact with the insonating
US wave (see Chap. 1—Physics of Microbubble
Contrast Agents). In a perfect CEUS technique,
solely the UCA causes signals, with no signal
from the native tissue. Furthermore, for a perfect
quantification, these signals need to be linear to the
amount of microbubbles present. Quantification
would cause misleading results if insufficient
background suppression would be interpreted
incorrectly as UCA signals. Linearity, or in gen-
eral a clearly defined proportionality between the
amount of UCA detected and its signal is a funda-
mental requirement for the quantification of
enhancement. Put simply, a body area in which is
present twice (or trice) as much UCA as compared
to another area of the same size should also have
exactly twice (or trice) as much CEUS signals as
compared to the other area. Finally, these results
need to be reproducible, i.e., the same amount of
UCA in the same body structure should always
provide the same signal enhancement as long as
the patho-physiology does not change, indepen-
dent of the examiner, the surrounding acoustic
conditions, or the US device used [4, 5].

The first issue requires the use of modern
CEUS-specific techniques which strongly reduce
the background signal from non-enhancing struc-
tures. Currently, these are all low mechanical
index (MI) techniques. Ideally, the US images
before contrast should be completely black, if
necessary, the US gain as well as the MI should
be reduced. However, any change in the US set-
tings later on during the examination, needs to be
avoided to maintain reproducibility. Body struc-
tures or surfaces with strong backscattering (e.g.,
calcification) are sometimes difficult to suppress
completely. In such occurrences, these structures
should be excluded from the quantification anal-
ysis (e.g., do not include them in the to be placed
region of interest, ROI), or as a secondary choice,

subtract the baseline signal from the contrast-
enhanced signals.

Non-linearity of contrast enhancement is not
just an issue in CEUS, it is also well described in
MR imaging. Saturation effects in MR imaging
can occur when body areas with high contrast
uptake do not show a corresponding high contrast
signal, but non-linearly increasing with the con-
trast dose. For a qualitative assessment usually
this is not problematic, however, for quantifica-
tion, the CEUS signals need to be linearized. This
can be achieved with self-developed tools, or
more conveniently, by using commercially avail-
able options. These tools are sometimes already
integrated onto dedicated US platforms, and
external quantification software exists which
operates as device and vendor-independent tech-
niques (e.g., VueBox™, Bracco) [5].

3.3  Options for Quantification

of CEUS Exams

“Quantification” of CEUS in its broadest sense
starts with the use of scores that assess the degree
of CEUS signals. Such scores are typically used
to assess if the lesion is, for example, hyper-, iso-
or hypo-enhancing compared to the surrounding
tissue or to describe the degree of enhancement
or its pattern of enhancement (homogeneous,
inhomogeneous, rim etc.) [6]. This information
can be applied in conjunction with other “quanti-
tative” assessment systems such as CEUS
LI-RADS [7]. Quantitation with CEUS examina-
tions is to primarily develop approaches for cat-
egorization or to generate quantitative parameters
of data that were originally just qualitative find-
ings. It does not equate to a real quantification of
CEUS signals.

The following focuses only on these actual
quantitative methods.

3.3.1 Time Intensity Curves

The typical quantitative approach in CEUS is to
inject a UCA bolus and to observe and record the
whole UCA dynamics over time in a chosen US
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plane. The contrast dose given generally is the
same as a standard non-quantitative CEUS exam-
ination. Then, regions of interest (ROI) can be
placed inside relevant or representative body
areas. The linearized US signal in these ROIs is
then measured over time, which results in time—
intensity curves (TIC). The typical shape of such
TIC (Fig. 3.1) is often characterized by a rela-
tively short and sharp bolus according to the dis-
tribution of the microbubbles, which remain
strictly intravascular in the human body (fast
arterial inflow followed by the venous outflow).
Its shape may vary depending on the examined
organ or pathology, e.g., the bolus can be pro-
longed in liver tissue due to the additional portal
venous blood supply, or rarely can also show a
plateau-like enhancement when blood flow/
microbubbles are trapped, e.g., in certain liver
hemangiomas.

Various quantitative parameters may be
derived from a TIC, such as the peak intensity,
the time to peak, the slope to maximum intensity,
or the area under the curve (AUC) (Fig. 3.1).
Quantification is complicated by the fact that the
method to derive a single parameter may not be

Linearized CEUS signal [a.u.]

A

Pl

precisely standardized. Parameters calculated
from original CEUS data may be different com-
pared to parameters derived from any “smoothed”
fitting curves based on this original data. Actually,
a smoothing of the “raw” data should always be
performed first, prior to quantification, since
original data often may be influenced by noise or
motion artifacts, and outliers can cause non-
representative values. Existent quantitative soft-
ware tools automatically provide such fittings.
However, the fitting algorithm is based on perfu-
sion model assumptions which then can result in
different but more or less optimum fitting curves.
A widely used perfusion model is the lognormal
perfusion model [8]. In addition, on occasion, the
definition of a certain parameter may not be stan-
dardized. For instance, the parameter “slope” of
the TIC can represent the maximum slope of the
wash-in phase (the extreme of the derivative of
the curve) or the mean slope during a certain time
period of the TIC (e.g., between 10% and 90% of
maximum).

Of note, these parameters are primarily math-
ematical variables which describe the shape of
the TIC, and the interpretation may be variable.

AUC

Slope
\ >
Time to peak MTT Time [s]

Fig. 3.1 Time-intensity curve (TIC) after bolus injection
of ultrasound contrast agent and its parameters. (PI, peak
intensity at time to peak [= time at peak intensity — arrival
time]; slope, slope to maximum, also the slope of the wash
out after the maximum can be calculated; AUC, area
under the whole TIC curve, also the wash in AUC [area up

to maximum peak] and wash out AUC [area from maxi-
mum peak on] can be calculated; a.u., arbitrary units,
FWHM is the full width of the TIC curve at half maxi-
mum; when adding perfusion models also parameters
such as the mean transit time (MTT) can be derived)
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By adding mathematical models’ other parame-
ters (such as the mean transit time, MTT) can be
calculated which may be a closer association to
certain vascularization parameters such as the
local blood flow.

The approach for quantification of CEUS is
generally similar to perfusion examinations with
other imaging modalities, e.g., CT or MR imag-
ing. A general limitation is that the underlying
models are valid only under certain conditions,
which may not be applicable generally.
Quantification may also depend on the clinical
indication. Specific perfusion models may be
beneficial in dedicated situations, e.g., in highly
spatially organized perfusion such as in the kid-
neys, or when certain “sub”-aspects of perfusion
are of interest, e.g., to characterize the degree of
vascular dis-organization in tumors. It should be
emphasized that due to its high spatial and tem-
poral resolution, CEUS is particularly useful for
such dedicated assessments. On the other hand,
other modalities like MR or CT imaging can
obtain input functions (blood flow in afferent ves-
sels), a consequence of the three-dimensional
nature of the modality. This is not usually feasi-
ble in CEUS, and the typical parameters derived
from CEUS TIC curves are relative values (given
by arbitrary units) and not absolute values of
blood flow (mL/min), blood volume (mL), or
perfusion (mL/min/mg). Furthermore, several of
the pure “TIC describing” parameters are not
related to a single vascularization quantity, but
are affected by more than one. For example, the
peak of a TIC curve may increase if the local
blood volume of the body area is higher than in a
different ROI (“more blood—more CEUS sig-
nal”), but at the same time, this value is also
affected by a change of the local blood flow
(“higher flow—sharper bolus CEUS signal”).

The acoustic conditions and the examination
conditions in such quantitative CEUS exams
need to be standardized as much as possible.
Experience indicates that the signal enhancement
in a certain CEUS examination may be consider-
ably different compared to a previous examina-
tion of the same body area, even in the same
patient, not because of different patho-
physiological findings, but solely a consequence

of different imaging conditions. It is obvious that
such variations can dramatically influence quan-
tification and may even negate any meaningful
assessment of quantification. Parameters that are
more prone to such bias are parameters related to
the CEUS signal such as the peak intensity or the
AUC. Single measurements (peak enhancement)
may also be more affected than integrals such as
AUCG:s. In addition to standardization, parameter
normalization can improve the reliability of such
measurements. Normalization is the process
where values obtained in a certain ROI (e.g., a
tumor or an affected organ) are set and measured
in relation to a “normal” ROI, e.g., to normal
liver parenchyma.

Time-dependent parameters such as arrival
times or the time to maximum intensity are less
influenced by individual variations of the acous-
tic conditions, but they are influenced by the indi-
vidual circulatory circumstances of a patient.
With issues of inconsistent circulatory time, any
parameters that are mainly based on the time of
injection should be avoided. Any variation in the
general body circulation can affect these param-
eters, not any potential local, relevant changes
being investigated. Instead, time parameters that
are based on the arrival time in the local ROI are
less prone to circulatory variations if the contrast
bolus injection protocol is standardized.

A key question is which of the various quanti-
tative CEUS parameters should be used to assess
a certain clinical disease or condition; currently,
there is no definitive answer. A preselection of
the parameters may be projected, depending on
the main clinical problem, as certain parameters
may be more suited to the general “vascularity”
or blood volume of a body region (e.g., AUC),
while others may be better suited to the dynamics
of blood supply (the perfusion) such as the slope
or the time to peak. However, as mentioned
above, a strict assignment of CEUS parameters to
a certain vascularization parameter is often not
feasible. The robustness of the method is crucial,
which would allow a preference to choose param-
eters such as the AUC to provide usable quantifi-
cation [9].

Finally, it often may not be clear which param-
eter may really be best suited for the evaluation of
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a certain clinical aspect. For instance, monitoring
of anti-angiogenic treatment in oncology may at
first glance suggest using a parameter that moni-
tors the general “perfusion” of a tumor. However,
it has been discussed that certain anti-angiogenic
therapies do not really reduce perfusion in general
but rather may normalize or just change certain
aspects of the blood supply. Then, more sophisti-
cated vascularization parameters may be needed
which currently are not routinely used.

3.3.2 Replenishment Kinetics

An alternative approach for quantification with
CEUS is to destroy the UCA within the region of
interest with a “flash-pulse,” with a number of
high-energy US pulses (high MI) and then
observe the refilling (the replenishment) of UCA
in the area under observation; UCA entering
from outside the field of view while reverting to a
contrast-specific low MI US technique to image
the UCA. This method requires a steady-state
situation of the UCA signal within the body cir-
culation, and therefore, a continuous infusion of
UCA is required instead of a single bolus injec-
tion. In adults often larger contrast doses are
given (e.g., the maximum dose of 4.8 mL for
SonoVue over a few minutes), with little experi-
ence of this technique existing in children.

Fig.3.2 Flash
replenishment kinetics, a
flash (high MI pulses)

destroys CEUS signal Plateau A

Linearized CEUS signal [a.u.]

The transducer again strictly needs to be held
at the same position throughout the procedure.
The signal intensity over time is recorded, again
as a TIC, although the term TIC is not usually
used for replenishment curves. The shape of
these curves is different from TIC after standard
bolus injection (Fig. 3.2). As a special feature, a
parameter 3 can be calculated which provides an
absolute quantification of the local blood flow
velocity (in m/s). This quantitative CEUS tech-
nique is able to provide more than relative quan-
titative values. The plateau of the refilling curve
is considered to be proportional to the local vol-
ume, and blood flow is then related to the product
of blood flow velocity x blood volume. Due to
the less often used continuous infusion of micro-
bubbles, this technique is generally less prevalent
than the TIC analysis, although it is an estab-
lished approach in echocardiography for analysis
of myocardial perfusion, typically in a semi-
quantitative approach, and after a bolus injection
of UCA [8].

A simplified quantitative CEUS method is to
measure arrival times of a contrast bolus, e.g., to
assess peripheral arterial occlusive disease, or in
liver CEUS for diagnosis of occult liver lesions.
Here, it is not the aim to directly measure perfu-
sion, but rather to indirectly detect alternations of
the blood supply. CEUS and its data analysis is
an ongoing field of research and in the future,

(steady state) due to the
destruction of
microbubbles. (Slope f
describes the refilling
kinetics and is
proportional to the blood
flow velocity [m/s];
Plateau A, maximum
signal obtained after
complete refilling, is
related to the local blood
volume; a.u., arbitrary

Slope B

units)

Flash

Time [s]
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additional options for quantification of CEUS
may occur, e.g., using developments that aim at
the tracking of the microbubbles signal.

3.3.3 Quantitative CEUS in Children

In general, the indications for quantification in
CEUS do not differ between children and adults.
However, as for other topics in medicine in gen-
eral, reports of this technique in pediatrics are
considerably lower than in adults. In addition,
off-label use of a drug in children is a common
issue, as is so for CEUS where limited licensing
for pediatrics is encountered (see Chap. 4—
Artifacts in Contrast-Enhanced Ultrasound
Examinations) [10]. There is no difference
between quantitative CEUS and “standard”
CEUS except maximum dose considerations in
cases where quantification would require an
additional injection of UCA [11].

A current major application of quantitative
CEUS is for monitoring of novel oncological
treatments like with antiangiogenic drugs
where simple size measurement on CT imaging
(RECIST) is not sufficient. This has been
reported in children, where peak enhancement
and wash-in AUC were predictors of early pro-
gression in various tumors entities and body
locations [3].

Quantitative CEUS is also used in diseases
that are typical in younger patients. The use of
quantitative CEUS has been investigated in the
evaluation of Crohn’s disease activity [12].
Perfusion of vascular malformations was quanti-
fied by CEUS in patients including children
before and after percutaneous interventional
treatment [13]. Of particular interest for pediat-
rics are US applications, including quantitative
CEUS exams, in those indications where its use
is particularly beneficial in children (and less in
adults), e.g., in neuro-sonography. CEUS has
been studied in the quantification of brain perfu-
sion in children, e.g., to assess neonatal hypoxic
injury [14, 15].

34  Summary

Quantification of CEUS provides objective data
about organ or lesion vascularity and perfusion.
Standardization and normalization of the data are
required in order to compare between patients or
for longitudinal data collection. Commercially
available software tools have facilitated its use,
but currently is still not common practice, in par-
ticular, in pediatric CEUS. However, future
developments such as artificial intelligence and
large data analysis may result in more quantita-
tive examinations. In pediatrics US and CEUS
should be preferred as an alternative to using
other imaging modalities. Considering this,
quantitative CEUS seems to be underutilized.
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Artifacts in Contrast-Enhanced
Ultrasound Examinations

Paul S. Sidhu, Gibran T. Yusuf, Cheng Fang,
and Vasileios Rafailidis

4.1 Introduction

The clinical application of contrast-enhanced
ultrasound (CEUS) has been widespread in
Europe and Asia for some time, with the United
States recently permitting the application of
ultrasound contrast agents (UCAS) in the investi-
gation of focal liver lesions in both adults and
children [1]. In the early period, when the UCAs
were employed as “Doppler” rescue agents, arti-
facts associated with imaging the vascular system
were those related to issues surrounding color
Doppler ultrasound (US) sensitivity, and largely
expected, with similar issues surrounding the
spectral Doppler US spectral tracings [2—4]. With
the advent of low mechanical imaging (MI) tech-
niques, combined with phase inversion, CEUS
imaging artifacts were largely unknown, but a
better understanding has developed, allowing for
a full appreciation of these artifacts and impor-
tantly, the ability to overcome or suppress these
artifacts [5, 6]. The inadvertent destruction of
microbubbles can lead to significant misdiagno-
sis as a hallmark of the malignant liver lesion is
the “wash-out,” and this inadvertent destruction
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unless identified as an artifact of CEUS, causes
misinterpretation.

There are a number of artifacts detailed in this
chapter, some are common on the B-mode US
and accentuated with the use of UCAs, others are
unique to a CEUS examination [7]. The descrip-
tion and explanation of each artifact are embel-
lished by appropriate images to reinforce the
visual aspect of the artifact, with an explanation
on recognizing, minimizing, and appreciating the
limitation of a CEUS examination when not
under the control of the operator.

4.2 Ultrasound Contrast Agents

There are a number of UCAs available, with the
main experience outside cardiology with the
agents Definity™ (Lantheus Medical Imaging),
Sonazoid™ (GE Healthcare), and SonoVue™
(Bracco SpA) using low MI contrast specific
imaging. The early experience with the now obso-
lete agent Levovist™ (Schering), predominantly
as a “Doppler-rescue” agent, using conventional
color, spectral Doppler US and high MI tech-
niques, had specific artifacts. The current experi-
ence is predominantly with low MI continuous
and real-time techniques and the main agent pre-
dominantly used worldwide being SonoVue™
(Lumason™ in the United States). This agent is
composed of a phospholipid shell, encapsulating a
relatively insoluble perfluorocarbon gas, sulfur
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hexafluoride, with stability for several minutes
after intravenous injection, eventually shrinking
and becoming undetectable [8]. During the recir-
culation of the UCA, there is ample opportunity to
optimize the imaging, identify and correct any
artifacts and produce diagnostic imaging.

The UCA behaves differently with the degree of
energy of the acoustic pulse and this leads to differ-
ent groups of artifacts. Conventional US, using
color Doppler US techniques, will expose the
microbubble to prolonged diagnostic levels of MI,
and shorten the duration of recirculation. With
higher levels of MI, the phospholipid shell is desta-
bilized and fractures, the gas is released and
becomes too small to detect. This microbubble
destruction can be induced by conventional Doppler
US using a short burst of high MI, a phenomenon
termed stimulated acoustic emission (SAE), where
stationary Kupffer cell (or reticuloendothelial cell)
uptake of the UCA allows for late-phase imaging
(>5 min after injection) when the vascular compo-
nent has ceased [9]. The US machine identifies this
destruction as a Doppler shift, and the movement on
conventional color Doppler imaging, recording a
color signal. This phenomenon is transient, lasting
less than 1 s. This is an artifact as there is not really
any movement, but microbubble destruction is per-
ceived as a movement.

Increasing the MI briefly, with the microbub-
bles still in the vascular compartment may also
be used to interpret the image and record replen-
ishment patterns. In this case, the microbubble in
the field of view is destroyed, and replenishment
occurs from vascular recirculation, a technique
described as “flash” imaging with low MI tech-
niques. With low MI, as used in contrast-specific
modes, the UCA oscillates, producing harmon-
ics, with a longer duration of recirculation as less
microbubbles are destroyed. Prolonged imaging
in one constant area will also accelerate micro-
bubble destruction.

Artifacts Associated
with High Mechanical Index
Imaging

4.3

The early use of UCA agents aimed to improve
the diagnostic capability of the color Doppler US

examination, where the UCA enhanced the
Doppler signal. This was of use in several areas
including the carotid artery, peripheral arteries,
portal vein, and in transcranial imaging [10-13].
With the increase in Doppler signal, artifacts
were an issue which limited the window of
opportunity to examine the vessel under consid-
eration, without manipulation of the US machine
settings. The artifacts of this type of high MI
color and spectral Doppler US techniques
included the following:

4.3.1 Blooming Artifact

With the presence of the UCA there is an increase
in the backscatter signal intensity, with even the
lowest velocities, previously undetected, being
readily visualized. The overload of the Doppler
signal registration, determined by these strong
signals, results in the blooming of the color sig-
nal outside the vessel walls, with adjacent tissue
signal increased. This artifact is easily recog-
nized, and with manipulation of the color gain,
persistence, wall filter, pulse repetition frequency,
and MI, it can be controlled to produce diagnos-
tic imaging. Furthermore, careful consideration
of the optimal dose of the UCA will alleviate the
tendency for any blooming, larger doses result in
more pronounced blooming. The increased
Doppler bandwidth may be interpreted as an area
of turbulence, with underlying stenosis sus-
pected. An infusion of the UCA will limit this
artifact (Fig. 4.1).

4.3.2 Effects on the Spectral
Doppler

There is an increase in both the color and spectral
Doppler US signal intensity following adminis-
tration of a UCA (Fig. 4.2), which, with the spec-
tral Doppler signal, can result in a number of
artifacts.

4.3.2.1 Pseudo-Increase in Systolic

Peak Velocity
There may be an increase in the systolic peak
velocity, by as much as 45% following the
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Fig. 4.1 Blooming contrast-enhanced ultrasound artifact
on a conventional color Doppler examination of the portal
vein. (a) Color Doppler image of the portal vein before the
administration of the UCA, with minimal signal within the
porta 1 vein (arrow). (b) During the CEUS examination, the

color Doppler image shows an overwriting-blooming arti-
fact caused by the increase of color Doppler signal induced
by the UCA. This will obscure the interpretation of any
thrombus within the vessel under investigation and requires
manipulation of the Doppler settings

Fig. 4.2 There is an enhancement of both the color and
spectral Doppler signals following the administration of a
UCA. (a) Although there is limited color Doppler signal at
the porta hepatis, a Doppler spectral waveform is obtained
demonstrating a hyperdynamic hepatic artery, and a mini-

administration of UCA, attributed to the limited
system dynamic range, non-linear conversion of
backscattered signal and improved signal at
very high velocities previously too weak to
detect [2, 14, 15].

mal signal from the portal vein (arrow). (b) Following the
administration of a UCA, the portal vein spectral Doppler
trace is enhanced (arrow), with the improvement of the
color Doppler image

4.3.2.2 High-Intensity Transient

Signals: “Spikes”
When the microbubbles collapse or cavitate
along the sample line of the Doppler gate, sharp
spikes are produced on the spectral Doppler
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Fig. 4.3 Spectral wave Doppler technique in a patient
imaged for the carotid arteries, acquired after the end of a
CEUS examination. The image shows the appearance of
bright linear signals (arrowheads) superimposed on a nor-
mal arterial waveform, representing “spikes” generated by
the burst of microbubbles induced by the US beam

trace, and there is also an audible “crackling”
sound (Fig. 4.3). This is readily recognized and
may also appear as pixels of higher color on the
color Doppler image.

4.3.2.3 Clutter

These are strong unwanted echoes from station-
ary or slow-moving tissue, produced by the
movement between the US transducer and the
unwanted tissue targets, primarily from operator
movement, cardiac pulsation, and patient breath-
ing [16].

4.3.2.4 Simulated Acoustic Emission

This artifact is produced when the microbubble is
taken up and is stationary within a Kupffer cell in
the liver or within the reticuloendothelial system
within the spleen. At the late parenchymal stage, a
high MI pulse destroys the microbubble, per-
ceived as movement and color coded on the color
Doppler analysis [9]. This technique was suitable
for the UCA Sonazoid™, Levovist™, both with
this late phase in the liver and spleen, and
SonoVue™ which has only spleen uptake
(Fig. 4.4). This artifact is very transient and was
used to identify abnormal liver tissue, which
failed to allow uptake of the UCA [17]. This tech-
nique has developed further using specific con-
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Fig. 4.4 A single image from the late phase of a
Levovist™ liver study, using the Stimulated Acoustic
Emission (SAE) technique. This is a very transient phe-
nomenon, lasting <1 s, and only demonstrated in normal
liver tissue. The focal nodular hyperplasia lesion shows
SAE in all but the central scar (arrow) where there are no
normal Kupffer cells

Fig. 4.5 Agent detection imaging demonstrating “black
holes” where there is no UCA uptake (Levovist™) is seen
in malignant areas. This is a transient phenomenon and is
an artifact of the Doppler signal generated from cavitation
of microbubbles

trast techniques (Agent Detection Imaging,
ADI™, Siemens, Fig. 4.5) but was reliant on the
UCA being taken up by Kupffer cells, which is
not a property of the most commonly used UCA,
SonoVue™ [18]. The ADI technique worked both
with Levovist™ and Sonazoid™, but the more
robust agent Sonazoid™ caused another artifact
termed “veiling” with layers of microbubble col-
lapse causing shadowing followed by more distal
microbubble destruction (Fig. 4.6) [19].
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Artifacts Associated
with Low Mechanical Index
Imaging

4.4

With the introduction of contrast-specific imag-
ing techniques, and the use of low MI techniques,

Fig. 4.6 Agent detection imaging with a more robust
contrast agent Sonazoid™, with a line of microbubble
cavitation (arrows) passing down through the liver as a
“veil.” This is best appreciated in real time

artifacts seen with a B-mode US examination
may be exaggerated, and artifacts associated with
UCA destruction may be identified.

B-Mode Ultrasound Artifacts
on CEUS

4.41

4.4.1.1 Posterior Acoustic
Enhancement

This commonly encountered artifact on a B-mode
examination is also present on the CEUS exami-
nation (Fig. 4.7), with a prominent depiction of
the visualized microbubbles, and confirms a cys-
tic structure. This exaggerated appearance allows
smaller and more subtle cystic structures to be
identified. The through transmission is more
sharply demarcated, as spatial compounding and
frame averaging are non-functioning in the con-
trast specific mode.

4.4.1.2 Acoustic Shadowing

The same principle applies to acoustic shadow-
ing, with more sharply demarcated borders of the
shadowing artifact, and possibly useful to iden-
tify smaller areas of calcification (Fig. 4.8).

Fig. 4.7 Posterior acoustic enhancement caused by the
gallbladder. Note the increased signal intensity (arrow-
heads) of the structures located deep to the gallbladder.

This applies both in the contrast-specific image (left) and
low-MI B-mode image (right)
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Fig. 4.8 Acoustic shadowing in a CEUS examination of the liver. Dual screen image showing a gallstone with acoustic
shadowing (asterisk) in both low MI B-mode image (left) and contrast-specific image (right)

4.4.1.3 Mirror Image

A misregistration artifact, a consequence of
highly reflective surfaces such as the diaphragm,
causes the mirror image artifact, which will also
demonstrate the CEUS lesion (Fig. 4.9). Similar
CEUS artifacts found on B-mode imaging
include side lobe artifacts, beam width and vol-
ume averaging can be seen.

4.4.2 Artifacts Associated Solely
with CEUS

4.4.2.1 Non-linear Artifacts

Highly echogenic interfaces will result in signals
that are not fully suppressed on the contrast-
specific mode and will be inseparable from sig-
nals from microbubbles. Normally the
simultaneous B-mode US image on the dual-
screen format will make the artifact obvious, as
this will be seen on the B-mode image, and will
persist after UCA injection (Fig. 4.10). This
artifact will be reduced by lowering the contrast
image gain or decreasing output power (MI), this
will also decreases the microbubble signal. A
clue on the contrast image is the static nature of

the high signal, with no movement of microbub-
bles observed.

4.4.2.2 Pseudo-Enhancement

Ineffective tissue subtraction is not a common
phenomenon observed in the liver, as the liver
normally presents a homogeneous reflective
surface, but does occur with particularly echo-
genic lesions, for example, an area of focal fatty
infiltration. An “enhancing” lesion may be visu-
alized and misinterpreted. In addition, manipu-
lation of gain, increasing this in order to better
visualize the far-field or in the later phases of
the study will unintentionally cause appear-
ances of areas of enhancement (Fig. 4.11).

4.4.2.3 Signal Saturation

With higher UCA doses, particularly in the kid-
ney, the signal received may exceed the display
range of the contrast image, with the “glare” of
uniform bright echoes. This will not adversely
affect the angiographic or perfusion aspects of
the examination, but may mask highly perfused
lesions or blur the margin of well-defined lesions
(Fig. 4.12). This artifact may be avoided with a
decrease in UCA dose, contrast image gain, and
decreasing pulse power.
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Fig.4.9 Mirror artifact seen in a liver hemangioma. Note
the presence of a lesion (short arrows) in a location near
the hemidiaphragm. The mirror artifact seen with the con-

ventional B-mode technique is also seen with CEUS, with
the artifactual projection of the lesion over the diaphragm
long (arrow)

Fig. 4.10 Projection of echogenic structure on the
contrast-specific image. (a) Dual screen image demon-
strating a renal cyst with a septum (arrowheads that appear
to be enhancing; an artifact produced by a poorly sup-
pressed echogenic septum). This is readily appreciated by
comparing the low-MI B-mode image, where the echo-
genic septum is seen (arrowhead). (b) By applying a high-
MI pulse, a “flash” procedure, where all the microbubbles

are destroyed, and observing the pattern of replenishment
of the microbubbles, the nature of the echogenic area can
be elucidated. (¢) On observation of the arrival of micro-
bubbles, the septum appears echogenic immediately after
the pulse, indicating this is not truly enhancing but is
caused by the projection of a poorly suppressed echogenic
structure (arrowheads)
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4.4.2.4 Shadowing

An area of concentrated microbubbles is highly
attenuating, may cause shadowing in a similar
fashion as that seen with a highly reflective sur-
face, for example, bowel gas, and as such dem-
onstrate far-field shadowing (Fig. 4.13). This
artifact will alter over time as the concentration
of microbubbles diminishes in the near field
and is most often seen with the intra-cavitary
use of UCA [20]. This artifact may be elimi-
nated using a smaller dose of UCA or increas-
ing the MIL.

Fig. 4.11 Projection of echogenic structure on the
contrast-specific image. (a) Conventional B-mode image
showing an echogenic area in the liver parenchyma repre-
senting focal fatty infiltration. Dual screen CEUS image
prior to the administration of microbubbles. (b) Shows
echogenic signals in the contrast-specific image caused by

the projection of the echogenic area due to incomplete
suppression. This should not be misdiagnosed for
enhancement. (¢) Dual-screen CEUS image after the
arrival of microbubbles shows the true and homogeneous
enhancement of the lesion with the parenchyma
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Fig.4.12 Following the addition of a larger dose of UCA, the
left kidney has become saturated with contrast, with the well-

Fig.4.13 An intra-cavitary application of a UCA, injected
via an indwelling chest drainage catheter in a child with an
empyema. A pocket of contrast (long arrow) lies within the
anechoic pleural fluid causing distal shadowing (small
arrows) of the lung parenchyma that is enhanced following
a simultaneous intravenous UCA injection

4.4.2.5 Near-Field Signal Loss

There is a difference between the acoustic pres-
sure in the near field and at the level of the focal
zone, in comparison to the far-field during

demarcated cyst on the B-mode ultrasound (arrow) becoming
less obvious and smaller on the contrast image (arrow)

contrast-enhanced ultrasound. This will result in
a progressive loss of signal in the near field with
prolonged scanning even at low MI, with a band
of “burn-off” close to the transducer (Fig. 4.14).
This could be interpreted as an area of wash-out
if the liver lesion being investigated is close to the
surface of the liver. This artifact is much more
prevalent at higher MI, higher transducer fre-
quency, and higher frame rates. This may be
avoided by not performing continuous scanning
over the same area, but taking still images at fixed
time periods during the examination, after the
cessation of the initial phase exploring the arte-
rial component of vascularization of a focal liver
lesion [21].

4.4.2.6 Image Plane Signal Loss

An artifact that will occur after prolonged imaging
at one site resulting in near field loss, or if an inter-
mittent high MI “flash” procedure is used, is the
phenomenon of image plane signal loss. This is
encountered when a sweep is made through the
liver, in an orthogonal plane, after a prolonged
period of scanning in a single plane, where the arti-
fact is visualized as a band of low signal (Fig. 4.15).
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Fig. 4.14 A CEUS of the liver for characterization of a  of microbubbles in this part of the image due to the dis-
focal liver lesion. Note the near-field lower enhancement ~ proportionate power deposition in the near field; “micro-
(arrowheads) after prolonged scanning at the same imag- ~ bubble burn off”

ing plane. This is explained by the more intense disruption

Fig.4.15 A CEUS of the liver for focal liver lesion char-  induced by the previous prolonged scanning on the same
acterization. Note the vertically oriented linear zone of  imaging plane (for the characterization of a focal lesion).
low enhancement (arrowheads). This is explained by the — The transducer was then turned 90° (in a different orthog-
disproportionate disruption of microbubbles in this area, —onal plane) to visualize this artifact
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This may be prevented by using low MI, decreasing
the frame rate, and by using intermittent imaging.
The “flash” image of a sudden burst of high MI is
designed to destroy microbubbles and interpret the
replenishment and is normally observer generated.

4.5 Conclusion

There are a number of artifacts associated with a
CEUS examination, many are an exaggeration of
well-known artifacts associated with a B-mode
US or Doppler examination. Other artifacts are
unique to the CEUS examination, very often obvi-
ous and recognizable with straightforward solu-
tions to the avoidance of generating these artifacts.
Once understood and recognized, this should not
detract from a diagnostic CEUS examination.
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How to Perform an Intravenous
Contrast-Enhanced Ultrasound
(CEUS) Examination in a Child.
Methodology and Technical
Considerations

Benjamin Leenknegt, Zoltan Harkanyi,
Annamaria Deganello, and Paul S. Sidhu

5.1 Introduction

The performance of a contrast-enhanced ultra-
sound (CEUS) examination, both the intravenous
and the intracavitary route, requires an under-
standing not only of the technique of the proce-
dure, but also the clinical question, and that of the
patient’s well-being during the course of the
CEUS examination. Paramount to the CEUS
examination is the skill of the operator, and a
level of expertise is required to perform the
CEUS examination adequately [1, 2]. The
European Federation of Societies of Ultrasound
and Medicine in Biology (EFSUMB) has detailed
the requirements for competency in the perfor-
mance of a CEUS examination [3]. The intrave-
nous CEUS examination in the adult is now well
established and the extension to use in the child is
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relatively simple, but the child does present some
unique issues that need to be managed appropri-
ately for a successful procedure. This chapter
deals with the practicalities of an intravenous
CEUS examination in a child, with the intracavi-
tary application technique described elsewhere.
A summary is detailed in Table 5.1.

5.2  Study Planning

The child is normally referred for a specific clini-
cal or imaging indication for a CEUS examina-
tion, to establish the diagnosis, exclude a particular
diagnosis or often as a “problem-solving” investi-
gation. According to FDA the only registered
CEUS indication in the child is for a focal liver
lesion [4], and only in the United States using
Lumason™ (Bracco Inc., NJ). Nevertheless, there
is widespread use of SonoVue™ (Bracco Spa,
Milan) for intravenous CEUS in Europe, for many
pediatric applications [5].

Prior to the examination, the clinical history
and previous imaging studies should be thor-
oughly reviewed in conjunction with the clinical
referrer. This will determine whether a CEUS
examination is appropriate and indicated to
assess the diagnostic question. Potential contra-
indications are identified. Manufacturers provide
a standard list of possible contra-indications,
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Table 5.1 Summary of five steps for a pediatric contrast-enhanced ultrasound (CEUS) examination

First step: Planning a CEUS study

¢ Review the relevant clinical case history of the patient. Determine whether a CEUS study is indicated for the

diagnostic question.

¢ A detailed examination and documentation of the region of interest with B-mode and color Doppler US.
e Review of any prior imaging studies (US/CEUS/MR/CT: images and report.

* Assess patient for any contraindication to CEUS.

e Obtain informed consent from parents or the patient as appropriate.

Second step: Technical considerations

e Be certain that the contrast-specific software within the US scanner is functional. Be familiar with the factory
CEUS protocol and use organ-based scanning protocol, if available.

e Select appropriate US transducer and scanning parameters for CEUS study.

¢ Ensure capability of US machine to record cine loops during the CEUS study.

* Ensure that treatment and life support are available for allergic reactions to UCA. Be sure that intensive care

is available if needed.
Third step: Ultrasound contrast agent preparation

e Determine dose of UCA and saline flush (verify UCA expiration date).

e Prepare the UCA for injection based on company recommendations.

e [Vline. Use a needle of 20-24 gauge for IV bolus injection. Three-way stop-cock.

¢ Central venous line can be used if the peripheral vein is not accessed.

e Have a second person present during the CEUS study to inject and monitor the patient.
* Be prepared for the treatment of potential UCA adverse reactions.

Fourth step: CEUS examination

e Practice respiratory movement with the patient before injection.

¢ Re-scan the region of interest after switching into contrast specific mode.

e Select optimal scanning parameters for the study (MI, depth, focus, gain, scan width).
* Go to split-screen, be sure the selected region of interest is displayed.

e Start timer at the moment of injection.
¢ Injection of UCA and saline flush.

e Start recording cine loop after the arrival of the first microbubbles for approximately 45-60 s and then record
in the venous and late phase using short clips or static images (liver study).

* Decide if a repeated injection is needed.
Fifth step: Documentation and reporting

¢ Review the images (US system/PACS) and select still images with measurements.

¢ Report the CEUS examination.
* Record the UCA dose and consent in the report.

* Consider standard templates for the description of common focal liver lesions.

US ultrasound, CT computed tomography, MR magnetic resonance, UCA ultrasound contrast agent, /V intravenous, M/

mechanical index, PACS picture archiving system

which include a history of known hypersensitiv-
ity to the active substance or excipients, children
with right-to-left shunts, severe pulmonary
hypertension, uncontrolled systemic hyperten-
sion, and uncertain pregnancy status where appli-
cable [6]. Laboratory tests prior to the study are
not required, as there are no hepato-, nephro-, or
cardio-toxic effects.

If it is decided to perform a CEUS examina-
tion, the patient and the parents or guardians are
informed of the diagnostic question and the
details of a CEUS study, particularly the nature

of the agent, the potential for adverse reactions,
and the overall examination procedure from the
patient’s perspective. The issue of obtaining
informed consent for the CEUS examination is
complex and is dependent on the clinical indica-
tion (“on-label” vs. “off-label” use), the local
hospital policy, and local jurisdiction, written
consent may be mandatory in some healthcare
systems. The key is to make available to the par-
ents all the necessary information about the intra-
venous CEUS procedure, and a summary leaflet
with this information may be useful.
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5.3  Technical Considerations

The equipment required to perform a CEUS is an
ultrasound machine with dedicated CEUS soft-
ware, a catheter with a three-way stop-cock, an
ultrasound contrast agent (UCA), a normal saline
flush and two operators; the examiner and a per-
son trained to administer the intravenous agents.
A pediatric epinephrine-autoinjector should
always be available in the event of a rare anaphy-
lactoid reaction. The administration of any UCA
must take place in an environment that supports
the availability of a “team” that can lead to any
resuscitation requirements in the event of a UCA
reaction.

The technical considerations for ultrasound
(US) imaging with a UCA are related to the
unique properties of the UCA, and the interaction
with the US beam. An understanding of these
technical attributes is important to achieve a diag-
nostic study, and particular attention to artifacts
as a consequence of the UCA/US interaction is
essential [7]. The UCA can easily be destroyed
by the energy of the US beam, and modern tech-
niques using low mechanical index (MI) and
non-linear imaging achieve good results [8]. If
the shell of the UCA microbubble is disrupted
and the gas diffuses from the microbubble, the
microbubble loses its contrast capacity [9].

All modern high specification US machines
will have the capability to perform a detailed and
adequate CEUS examination, with software pro-
grams unique to each individual manufacturer. It
is important to have the relevant software pro-
gram enabled on the US machine and to be famil-
iar with the process of obtaining a diagnostic
study. For example, the location of the switches
and buttons to start the program, the timer, cine
loop recording, and still images are all used dur-
ing the examination and the operator must famil-
iarize themselves with these buttons in order to
perform the dynamic examination smoothly and
with a diagnostic outcome. Not ensuring that this
set-up is exact, being hesitant with the buttons,
may result in a repeat examination and further
doses of the UCA.

The program should have the capacity to
record cine loops, have an organ-based scanning

protocol that can be selected for each individual
case. The appropriate transducer should be
selected for the lesion and organ under investiga-
tion. Usually, for technical reasons, the UCA
resonates best at 3—4 MHz, the frequency nor-
mally used in the abdominal US examination.
There is often the opportunity to use higher fre-
quency transducers in children, this should be
tempered against the possible loss of UCA signal
with the higher frequency transducers. The trans-
ducer can be selected based on the B-mode US
examination prior to the UCA administration.
Parenchymal abdominal organs are most often
imaged with curvilinear array transducers, using
linear transducers with higher transmitting fre-
quencies only for superficial lesions or if a higher
spatial resolution is required. When a higher fre-
quency transducer is used, a higher UCA dose
may be necessary as the UCAs are less efficient
nonlinear scatterers at higher frequencies. The
current doses of SonoVue™ (Bracco Spa, Milan)
used both in adult and pediatric practice for intra-
venous examinations are considerably lower than
the doses originally projected to be diagnostic
and higher and repeat doses are well tolerated
and safe [10].

5.4 Intravenous Cannulation

It is advisable that a cannula be placed by an
experienced pediatric physician or nurse, away
from the US examination venue. This allows for
the child to be guaranteed an examination when
they arrive in the US department and also the
child does not associate the pain and stress of
cannulation with the US examination, particu-
larly if very young. In most circumstances, an
intravenous cannula is inserted in the left antecu-
bital vein for the UCA injection, to avoid interac-
tion with the right-sided examiner, the possible
exception when the spleen or left kidney is tar-
geted, with a right-sided cannula inserted. The
diameter of the venous line should be 20-24
gauge. In difficult cannulation, the needle can be
placed under US guidance. If present, a central
venous line or a port system can be used if the
system does not contain a filter requiring
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high-pressure injection. Permission to use the
central catheter should be obtained from the clin-
ical team.

5.5 Ultrasound Contrast Agents

and Safety

In adults, UCAs are considered safe and life-
threatening side effects are extremely rare. An
analysis of 23,188 CEUS studies established an
incidence rate of serious adverse events of
0.0086% [11]. In children, the safety profile of
UCA is less well known, with two small series
suggesting the rate of adverse reactions is similar
to adults [12, 13]. A European-based survey
reported six minor events in 948 studies of intra-
vascular CEUS (0.56%) and no adverse events in
4131 intravesical studies [14]. The most common
adverse effects were skin reaction, unusual taste,
and hyperventilation. Nonetheless, physicians
administering UCAs should be able to react
appropriately to an anaphylactic reaction, with a
pediatric epinephrine-autoinjector available for
immediate administration. All personnel involved
with UCA administration in children should have
basic skills in identifying and treating a contrast
reaction in a child. Preferably, CEUS studies in
children are only performed in a center with pedi-
atric intensive care facilities.

5.6 Ultrasound Contrast Agents

and Dosage

Two of the commercially available UCAs have
been used in children: SonoVue™ (Bracco SpA,
Milan) containing sulfur hexafluoride gas micro-
bubbles and Optison™ (GE Healthcare Inc.,
Princeton, NJ) containing perflutren gas micro-
bubbles. Previously the UCA, Levovist™
(Schering, Berlin) was used for intracavitary
CEUS examinations, but this UCA is no longer
available. The Food and Drug Administration
(FDA) has authorized the use of SonoVue™
(Bracco SpA, Milan) under the commercial name
Lumason™ (Bracco, NJ) for liver applications in
pediatric patients in the United States [4].

There are no standardized dosage schemes of
the UCA for CEUS in children. The UCA dose
can be extrapolated from the licensed adult dose
for hepatic applications, adjusted to the child’s
age, body surface or body weight, and the US
equipment characteristics. For SonoVue™/
Lumason™, FDA recommends a dosage for
intravenous injection based on body weight:
0.03 mL/kg with a maximum of 2.4 mL per injec-
tion. Other groups advocate a dosage scheme
based on the age of the patient; 0—6 years % adult
dose, 6-12 years %2 adult dose, and >12 years
adult dose [12]. The dosage also varies for the
different organs under consideration and may
vary with the type of US machine used. In gen-
eral, the adult doses for SonoVue™ (Bracco SpA,
Milan), the most commonly used UCA, are as
follows; 2.4 mL for the liver, 1.2 mL for the
spleen and the kidney, and a dose of 4.8 mL for
the testis and thyroid, with appropriate adjust-
ment for children [15].

Before injection, the contrast agent expiration
date and the company recommendations for
injection of the UCA are verified. The UCA must
be reconstituted strictly according to the manu-
facturer’s guidelines; with SonoVue™ (Bracco
SpA, Milan), the progression through the steps
for reconstitution allows for the microbubbles to
form correctly and assures the efficacy of the
UCA. The UCA is suitable for use for a maxi-
mum of 6 h following reconstitution when it
should be again shaken vigorously to obtain a
“milky” appearance prior to injection. Besides
the physician performing the ultrasound, a sec-
ond person—preferably also a physician, is pres-
ent to inject the UCA and monitor the patient
after injection.

5.7 B-Mode Examination

Before starting the CEUS study, a B-mode US
study is performed. This allows optimal position-
ing of the patient, which should be comfortable
for the child and examiner, allowing for optimal
identification of the region of interest and the
imaging plane. The image plane is aligned along
the axis of respiratory movement to minimize
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respiratory out-of-plane displacement of the area
of interest. A calm and continuous breathing
cycle is practiced with the patient. A detailed
examination and documentation of the region of
interest is obtained, which should include color
Doppler US observations. The region is res-
canned after switching into the CEUS specific
mode, to ensure that the region of interest remains
visualized on the split-screen mode. It is impor-
tant to appreciate that on this split-screen mode
the MI is lower than in conventional B-mode
imaging and the lesion under investigation may
“disappear.” Adjustments can be made at this
stage to ensure that the lesion is visible on
B-mode during the CEUS examination. Some
manufactures supply a cursor that fixates on the
lesion on the split-screen to allow for a main-
tained correct plane of imaging.

Before administering a UCA, the optimal
scanning parameters for the study are selected.
The MI, depth, focus, gain, and image width can
be adjusted to the preferences of the physician. In
general, a region of interest can be adequately
assessed up to a depth of 12-15 cm, but this
should not occur in most children. The mechani-
cal index can be increased to improve penetration
in this situation, but this increases microbubble
destruction, especially in the nearfield [16]. The
focus is positioned just deep to the target lesion to
allow optimal visualization in most cases. A
deeper focus position results in a more uniform
acoustic field, improving UCA sensitivity and
decreasing the risk of microbubble disruption
[17]. Microbubble destruction by the US energy
is time and depth-dependent, even at low acoustic
power. This can reduce image quality or induce
signal loss that can mimic washout [18].
Therefore, acoustic power is reduced when scan-
ning more superficial target regions, and inter-
mittent scanning also will reduce microbubble
destruction.

5.8 CEUS Examination

A parent sits close to the child, and the child is
fully versed in the expectations of the study pro-
cedure (if applicable for the patient age), and

encouraged to watch the screen of the US
machine, or else be entertained by any other suit-
able device. The child is reassured of the painless
nature of the examination. The intravenous can-
nula is checked for patency by injecting a small
volume of normal saline. A check is made that
the examiner has achieved the ideal position for
assessing the lesion, has activated the CEUS
mode with dual-screen images and is poised to
initiate examination timer and the cine-loop.

The UCA is injected, after the dose has been
chosen to suit the patient age and site of the
lesion, most commonly the liver. The UCA injec-
tion is followed by a normal saline flush, approxi-
mately 5-10 mL. The timer is started at the
moment of UCA injection. After UCA injection,
the target region is scanned continuously and a
cine loop is recorded for approximately 45-60 s
after the injection of the UCA [19]. A gentle
movement of the transducer is preferred to a
static transducer position to reduce microbubble
destruction. In the late portal venous phase in the
liver, scanning is intermittent at about 30-60 s
interval, and this technique may also be deployed
in assessing organs with a single blood supply.
Single images or short clips can be stored to dem-
onstrate the presence of washout, which can be
for a further 5 min following UCA injection,
sometimes longer with the assessment of a well-
differentiated hepatocellular carcinoma in the
adult patient. The UCA could last up to 7 min in
the pediatric patient of normal body habitus. The
UCA is rapidly removed from the blood pool, so
the injection can be repeated if necessary, usually
after a period of 10 min following the first injec-
tion of UCA.

The cannula may be removed in the US exam-
ination room following the CEUS examination
period, or the patient may have the cannula
removed on return to the ward or outpatient
department. It is the manufacturer’s recommen-
dation that the patient is observed for 30 min fol-
lowing the administration of the UCA, and it is
prudent that the cannula is removed at this point
rather than immediately following completion of
the US examination.

Depending on the organ under investigation,
there are different phases of the examination; arte-
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rial, early portal venous, and late portal venous in
the liver with its unique dual blood supply. The
two main diagnostic features of the examination
are the vascular architecture of a lesion (in the
arterial wash-in phase) and the enhancement of a
lesion compared to the adjacent liver parenchyma
(enhancement time course), identical in adults
and children [20-22]. The wash-out of the UCA
in the portal venous phase determines the benign
versus malignant characteristic of a focal liver
lesion. In the kidney, there is an intense enhance-
ment of the renal cortex and delayed enhancement
of the renal medulla, with abnormal vasculariza-
tion of any lesion a hallmark of potential malig-
nancy, or absence in a simple cyst. The pattern of
splenic enhancement in the spleen is based on
arterial enhancement and continuing enhance-
ment in the venous phase, traumatic fractures
showing no enhancement [1, 15].

Documentation
and Reporting

5.9

Following the completion of the US examination,
and with the departure of the patient, all images
should be reviewed including the initial cine
loop, particularly for the interpretation of the cru-
cial arterial phase of any focal liver lesion. This
could be from the US machine itself or a Picture
Archiving Computer System (PACS). The
observers may want to use a quantification pro-
gram to further analyze the enhancement pattern
of the UCA (e.g., in a focal liver lesion washout
characteristic or with inflammatory bowel
enhancement). Most machine manufacturers will
have an in-built quantification software, but
offline multi-machine commercial programs are
available for analysis. The final interpretation
should than be recorded in a formal report. The
report should detail the method of obtaining con-
sent for the CEUS examination, that is, verbal or
written, and from the parents or guardian. The
dose of the UCA agent should be recorded, and
the number of injections used during the exami-
nation. Any adverse reactions should be recorded
in the report, as well as reporting any adverse
reaction to the manufacturers of the UCA and the

relevant local health authority. The report should
give the diagnosis achieved, or if no conclusion is
reached then a recommendation for any further
imaging techniques or management that would
help. Finally, the report should be signed off by
both the operators of the CEUS examination and
any other physician involved in the interpretation
of the findings.

5.10 Conclusion

The CEUS examination in the child follows the
procedure of the CEUS examination in the adult,
with reduced doses of the UCA needed in the
smaller child. There is almost never the need for
any sedation in the child as the presence of the
parents is often sufficient to maintain compli-
ance by the child for the procedure. A detailed
explanation of the procedure to the parents and
the older child ensures a successful examination.
The placement of an intravenous cannula remote
from the US examination room is desirable. The
dose of UCA is based on body weight or an arbi-
trary fraction of the adult dose for the particular
clinical scenario. The availability of resuscita-
tion equipment and trained personal is manda-
tory. Monitoring of the patient following the
UCA administration and recording of any
adverse reactions should be undertaken. A clear,
concise and informative report following the
examination is key, as is the availability of
images to encourage the use of this technique in
the pediatric population.
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How to Set Up a Contrast-
Enhanced Ultrasound Service

for Children

Paul D. Humphries

6.1 Introduction

Ultrasound (US) is one of the most widely used
imaging modalities in pediatrics. The smaller
size of children and reduced body fat compared
to adults mean that exquisite imaging can be
obtained. The dynamic and non-ionizing nature
of US and the lack of a requirement for sedation
or general anesthesia are further advantages over
computerized tomography (CT) and magnetic
resonance (MR) imaging.

Previously, a lack of physiological or biologi-
cal functional imaging using US has been a rela-
tive disadvantage compared to CT or MR
imaging. Modern US developments including
elastography and contrast-enhanced ultrasound
(CEUS) now allow operators to not only evaluate
anatomy but also characterize and examine path-
ological tissues, further strengthening the role of
US, particularly in children.

Compared to CT and MR imaging, US is more
child friendly, has more rapid access, can be
repeated more often and has health economic
benefits for institutions. In this chapter, the chal-
lenges that may be encountered when attempting
to set up a CEUS service in children and strate-
gies for managing these are outlined.
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6.2 Local Approval Procedures

Each hospital will likely vary somewhat in the
local process by which new services are intro-
duced. There may be a central committee that
considers service developments, evaluating each
aspect of the new proposed service, including
clinical indications, medicine administration,
business costs, equipment procurement; usually a
well-established process and well-known docu-
mentation. In other institutions, a number of dif-
ferent committees or managerial boards may
need to be navigated for each part of the process.
The first step is to identify to whom you need to
apply for each of the considerations detailed
below when setting up your CEUS service.

It is likely that introducing CEUS will require
some form of medicines safety committee or pre-
scribing board approval for the administration of
an ultrasound contrast agent (UCA), normally
SonoVue™/Lumason™ (Bracco SpA, Milan).
The main points to consider when submitting
your application to such a committee are:

6.2.1 Regulatory Considerations,

Off-Label Use and Safety

The first step in the process is often to explain to
the medicines/prescribing committee that CEUS
is actually possible; a recognized and established
procedure, explain the physiology of the UCA
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and to detail the currently used agents. The
remainder of this discussion will assume you will
wish to use SonoVue™/Lumason™ (Bracco
SpA, Milan), the only agent currently licensed
for pediatric use and used widely. Other commer-
cially available UCAs have not been or have
rarely been used in children.

One of the first obstacles that may be
encountered when setting up a pediatric CEUS
service relates to the licensing of Sonovue™/
Lumason™ in children. Lumason™ has been
licensed by the US Food and Drug
Administration for the characterization of liver
lesions in both adults and children, as an intra-
venous injection [1], however, no such licens-
ing exists elsewhere, and any use for unlicensed
indications is therefore “off-label” [2]. This
however should not be a hindrance to setting up
a CEUS service in children, as there are no
legal barriers to off-label use of medicines [3]
and there are clearly defined guidelines for the
use of off-label medicines [4].

In reality, if your practice is based at a chil-
dren’s hospital, it may be more straight forward
to gain acceptance for off-label use of
SonoVue™ in children compared to a facility
where there is a limited pediatric practice, as
many children are routinely administered off-
label medicines, with surveys documenting
more than 40% of children being in this situa-
tion [5-7], with the hospital administration
more familiar to off-label use of medicines.
Where the committee are less conversant with
off-label use of medicines in children, the above
arguments can be used to convince them [8].

The second barrier that may be encountered
relates to the safety profile of SonoVue™, which
any committee is unlikely to be acquainted. There
is a growing body of evidence regarding the
safety profile of UCA in both adults and, most
importantly, children [9—11], which can be pre-
sented as an evidence base to persuade the com-
mittee of the safety of the agent. In addition, it is
worth highlighting that UCAs have a lower
reported rate of adverse events compared to
iodinated contrast for CT, also used routinely off-
label in pediatrics.

6.2.2 Pharmacy, Ordering and Stock

Once the medicines committee has granted
approval for the use of the UCA, the process by
which it is ordered and stored will need to be
agreed with your pharmacy. The most practical
way of facilitating a clinical service is to have a
stock available in your US Department, with the
departmental administration team notifying phar-
macy when stock will need replenishing, such
that you always have in-date UCA available. It is
ideal to store the UCA as you would any medici-
nal product, within a locked cupboard in easy
access to the procedure room. One potential hur-
dle that may be encountered is the pharmacy
treating the UCA as a “drug” that requires a pre-
scription for each administration. This should be
argued against, as SonoVue™ is analogous to CT
or MR contrast administration, which, in most
countries, does not require prescribing on an
individual basis. It should be noted that despite
only a small volume injected in each case that it
is highly likely that the medicines committee and
pharmacy will insist that each vial is single use
only and not split between several patients, not-
withstanding the lower doses that are equally
clinically effective [12].

6.3  Clinical Service Management

and Business Case

The next group that you will need to convince
when setting up your CEUS service is your clini-
cal manager and the departmental service man-
ager. It is likely that the immediate response to
your proposal will be related to (a) longer scan-
ning time per case and (b) new consumable previ-
ously not used, and ultimately the perceived
increased cost. Your clinical manager will need
convincing that CEUS has a role in the work up
of pediatric patients for a wide variety of condi-
tions, using both intravenous and intracavitary
applications [13]. The best overview of these
indications can be found in the EFSUMB posi-
tion statement and correspondence and used as a
basis for your discussion [14, 15].
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While not able to replace all cross-sectional
imaging or fluoroscopy, CEUS may be able to
reduce the burden of these other investigations.
For example, in cases where new or incidental
liver lesions are found requiring prompt charac-
terization, for the assessment of vesical—ureteric
reflux and problem-solving in many other situa-
tions. Any child diverted away from other inves-
tigations that either requires sedation/general
anesthesia and/or prolonged scanning times
with CT or MR imaging, CT or MR contrast
administration (and their attendant contraindi-
cations in the setting of renal dysfunction) pro-
vides a better patient experience and has
significant cost reduction implications for the
radiology service [16]. This is a powerful and
persuasive argument for departmental managers
to support the introduction of CEUS. In addi-
tion, the rapidity with which CEUS can be per-
formed is a further advantage over waiting for
over-subscribed cross-sectional imaging, in
appropriate cases.

Any US equipment upgrades should be
planned with CEUS in mind and the equipment
specification should include the software pack-
age to enable CEUS to be performed. It may be
necessary to secure funding to pay for installa-
tion on any pre-existing US systems within the
department. All modern-day manufacturers
include CEUS functionality on their high specifi-
cation machines, and it is a personal choice as to
the preferred manufacturer.

6.4  Clinical “Buy-In"

Ultimately, a nascent CEUS service will not grow
and flourish without clinical “buy in” from your
referring clinicians. This aspect can be one of the
more challenging aspects of CEUS service devel-
opment and requires enthusiasm and persuasion
on the part of the US practitioner. Good relation-
ships with clinical colleagues and being able to
have open discussions about imaging options
help in the development of a CEUS service.
Multidisciplinary meetings are often a good way
to introduce the idea of CEUS in cases, particu-
larly, where there is good evidence that it will be

beneficial. Be prepared to give an overview of the
UCA physics, pharmacokinetic action, and prac-
ticality of performing a CEUS examination in
children to your clinical colleagues to help them
understand what is being proposed. Where there
is uncertainty, one strategy is to initially offer
CEUS in parallel with existing imaging tech-
niques to allow both yourself and the clinical
teams’ time to become comfortable with the new
service and see how and where it is effective for
your patient population.

Another avenue that can help with the intro-
duction of a CEUS service is to identify research
that can be complemented by CEUS within the
study protocol and collaborate with colleagues
undertaking such studies. One example is using
CEUS to assess the anti-angiogenic properties of
new therapies in oncology trials [17]. Such col-
laborations may also assist with funding for new
equipment or installation of CEUS software
packages on existing equipment, including com-
mercially available quantification software to
assist with analysis.

6.5 Learning and Development

An important part of any new service is the train-
ing of other practitioners, audit, and feedback.
Attendance at any formal CEUS educational or
practical course is necessary and clinical attach-
ments at a center already performing CEUS is a
very sensible approach during your learning
phase.

It is vital to consider how your CEUS service
will be delivered throughout the working week
and how many practitioners will be needed to
deliver this service. As a minimum, it is useful to
have two practitioners trained and able to collab-
orate for service delivery. There is an inevitable
learning curve when starting to use a new tech-
nique, and double reporting with a colleague is
useful to ensure accuracy and improve familiarity
with the technique. If possible, it is also helpful
to have a more senior mentor who has more expe-
rience of CEUS, to whom you can consult for
advice and support, who may be from another
facility, willing to review images.
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As with any new service, it is important to set
up tools to allow regular audit of your practice
in terms of side effects, technical adequacy, and
diagnostic performance compared to -either
defined reference standards, for example, histol-
ogy or alternative imaging modality assessment.
A suggested strategy is a prospectively popu-
lated database of any CEUS examinations per-
formed, which can be interrogated for audit
purposes and can also be used to collaborate
with colleagues at other pediatric CEUS cen-
ters, increasing patient numbers in any future
research studies performed.

6.6 Summary

CEUS in children has many potential benefits,
but there are challenges to institute such a service
as described above. Having a clear thought pro-
cess regarding the issues that may be encountered
should assist in a successful outcome.
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Pediatric Focal Lesions in the Liver:
A Clinical Perspective

Emer Fitzpatrick
7.1 Introduction 7.2 Benign Liver Lesions
Pediatric liver tumors may be benign or malig- 7.2.1 Focal Nodular Hyperplasia

nant, and frequencies of the different types of
tumor occur at different ages [1]. A mass in
infancy most often prompts concern over hepato-
blastoma, whereas a fibrolamellar tumor occurs
almost exclusively in those in late adolescence
and adulthood. The presence of an underlying
liver or systematic condition is also of impor-
tance. There is an increased risk of liver malig-
nancy with most chronic liver diseases. In
particular conditions such as tyrosinemia, bile
salt export pump deficiency (BSEP), and scleros-
ing cholangitis carry a significant malignancy
predisposition [2]. Portosystemic shunts or other
disturbance to the perfusion of the liver predis-
pose to focal nodular hyperplasia (FNH) or nodu-
lar  regenerative  hyperplasia. =~ Metabolic
conditions such as glycogen storage disease and
hormonal imbalance may predispose to adeno-
mata [3, 4]. Focal liver lesions may be single or
multiple, which may in itself be a clue to diagno-
sis, and each requires a different management
approach (Table 7.1).
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This benign tumor of the liver accounts for 4% of all
hepatic tumors in the pediatric population (Fig. 7.1).
FNH are well-circumscribed lesions of various
echotexture on ultrasound (US) imaging, often with
a characteristic central scar. FNH may be seen in the
context of vascular disturbance to the liver, for
example, in the presence of porto-systemic shunts
[5] or following chemotherapy/bone marrow trans-
plantation [6, 7]. FNH may also be associated with
Alagille syndrome or other chronic liver diseases in
which there is a disturbance to vascular flow. In
addition, children and adults with cardiac-related
liver disease, for example, those with a Fontan cir-
culation, are more predisposed to developing FNH
[8]. The circulatory disturbance is postulated to
result in a hyperplastic response of the parenchyma
though the mechanism of this is not fully eluci-
dated. An FNH occurs more commonly in girls and
can present at any age but probably most frequently
between 2 and 10 years [9]. The oral contraceptive
pill has not been associated [10].

The presentation of FNH may be incidental or
with abdominal pain and FNH may be small or
large at presentation and single or multiple. An
FNH may be identified as a slightly hypodense
discrete lesion on an unenhanced computed
tomography (CT) which following contrast,
enhances homogenously in the arterial phase
becoming isodense in delayed scan. The central
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Table 7.1 Range of focal liver lesions distributed by age with characteristic clinical features and clinical
management
Age Likely diagnosis Characteristic features Management
<1 year Hepatic hemangiomas Hemangioma - Hemangioma—propranolol supportive,
Hepatoblastoma abdominal mass, hepatic artery ligation or embolization,
Mesenchymal cardiac failure resection
hamartoma Hepatoblastoma - Mass, | Hepatoblastoma chemotherapy and resection
abdominal distension Mesenchymal hamartoma—resection
0-5 years | Hepatoblastoma Mass, abdominal Hepatoblastoma - Chemotherapy, resection
FNH distension FNH - Observation, resection
Mesenchymal Mesenchymal hamartoma - Resection
hamartoma
5-12 years | Adenoma Mass, abdominal Adenoma - Observation, stop OCP, resection
FNH distension FNH - Resection
HCC Malignancy - Chemotherapy, resection
Rarely hepatoblastoma
Teenagers | Fibrolamellar/HCC Mass, abdominal Fibrolamellar - Resection
FNH distension FNH - Resection

Fig. 7.1 Focal nodular hyperplasia in an 11-year-old girl.
(a) B-mode ultrasound demonstrates a slightly hyperechoic
abnormality in the posterior aspect of the right liver lobe
(arrows), atypical for a focal nodular hyperplasia. (b) On

scar is visible in 50% with delayed enhancement.
The presence of a port-systemic shunt should be
sought on imaging. In cases in which there is a
doubt about the diagnosis, a biopsy is indicated.
Microscopically FNH consist of hyperplastic
hepatocytes supported by a well-developed retic-
ulin framework. The septa are rich in vessels, and
the immunohistochemical pattern differs from
hepatocellular adenoma. The natural history of
FNH is variable. Some 10% may undergo sponta-
neous regression, however, an FNH may also

T1 weighted Magnetic Resonance (MR) imaging, the
lesion shows early homogeneous enhancement post admin-
istration of gadolinium, with evidence of a central, non-
enhancing scar, confirming a focal nodular hyperplasia

increase in size and there is the potential for
malignant transformation [11].

Surgical resection is a possibility for FNH,
which are increasing in size or are symptomatic
or if there is concern regarding malignant trans-
formation. If a portosystemic shunt is present,
closure of the shunt whether radiologically or
surgically, can result in regression of the FNH. If
resection or shunt closure is not possible or
desirable, close surveillance is advised with
imaging on a 6—12 monthly basis.
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Fig. 7.2 Hepatocellular adenoma in a 6-year-old boy
with underlying liver disease awaiting a transplant. (a) An
atypical low reflective lesion in the left lobe of the liver

7.2.2 Hepatocellular Adenoma

Hepatocellular adenoma (HCA) (Fig. 7.2) are
benign liver tumors, less commonly found than
FNH. Hepatocellular adenomas may be single or
multiple and incidentally found on the back-
ground of a normal liver or in the context of
underlying liver or metabolic disease.
Hepatocellular adenoma are more common in
females and associated with hormonal changes
and particularly with the oral contraceptive pill
[3]. Though benign, there is the potential for
malignant transformation in certain situations,
increasing size and bleeding into the tumor may
also occur. Hepatocellular adenomas in adults
have been associated with obesity with some case
reports in children [12]. Glycogen storage dis-
eases Type I, III, and IV, and McClune Albright
Syndrome are also associated with the occur-
rence of HCAs [4].

Over the last 15 years, considerable advances
have been made in the molecular understanding
of this tumor. Genetic alterations of the HNF1
alpha transcription factor have been found in
50% of cases [13]. In addition, alterations in beta
catenin exon 3 have been found in 10-15% of
adenomas studied and beta catenin exon 7/8 in a
further 5% [14, 15]. The HNF1 alpha inactivation
results in altered expression of FAP (familial ade-
nomatosis polypi) and is also linked to MODY 3
(maturity onset diabetes of the young) [16, 17].

(arrows). (b) On the contrast-enhanced CT, there is vascu-
larization in the arterial phase (arrows)

Nault et al. [18] described the currently
accepted classification of HCA as:

1. HNFla inactivated HCA 40-50% overall.
These HCAs may be associated with estrogen,
and the presence of FAP and MODY?3 should
be sought.

2. Beta catenin exon 3 mutated HCA: 10-15%.
This subtype is associated with an increased
risk of malignant transformation. It may be
associated with increased androgens and also
with estrogen, alcohol consumption, also with
vascular diseases of the liver in males.

3. Beta catenin mutated HCA exon 7/8: 5-10%
not associated with malignant transformation.

4. Inflammatory HCA 35-45%. This subtype is
associated with constitutive activation of the
IL6/JAK/STAT pathway with over-expression
of C-reactive protein (CRP) and serum amy-
loid A. Patients may present with an inflam-
matory syndrome/anemia and fever. Also
associated with estrogen, obesity, and glyco-
gen storage diseases.

5. Sonic hedgehog HCA associated with consti-
tutive—activation of sonic hedgehog and
occurring in 5% of all HCA. This subtype is
associated with estrogen and obesity and a
higher risk of bleeding.

6. Unclassified HCA accounts for 7% of HCA
and is not otherwise defined by genetics or by
signal pathway.
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Hepatocellular adenomata are often difficult
to distinguish from well-differentiated hepato-
cellular carcinoma (HCC) or FNH (particularly
telangiectatic FNH) [19]. HCC may also carry a
beta catenin mutation; this is obviously the
most important differential diagnosis. European
association for the Study of the Liver (EASL)
has published a guideline for management of
adenomas in adults, but similar guidance in
pediatrics does not exist and must be extrapo-
lated [20]. EASL guidelines suggest that resec-
tion is undertaken in all men and in the case of
a proven beta catenin mutation because of the
increased malignant potential. In women, the
guideline recommends that resection is under-
taken for lesions equal or greater than 5 cm and
those which continue to increase in size.
Lesions less than 5 cm in diameter should be
reassessed at 1 year and annually thereafter.
Lesions larger than this are at increased risk of
bleeding. Actively bleeding lesions can be
embolised and residual viable tumor then con-
sidered for resection [20].

Multiple hepatocellular adenomas may also
occur. Underlying susceptibility should be investi-
gated. The malignant risk and that of bleeding in
patients with multiple HCAs are largely driven by
the size of the largest tumor rather than the number
of tumors. Options include resection of the largest
HCA [21,22]. Liver transplantation is recommended
only in the case of underlying liver disease [23].

7.2.3 Hemangioma (Infantile
and Congenital)

Hepatic hemangiomas (HH) are benign vascular
tumors comprising 13% of all hepatic neoplasms
[24].

Infantile hepatic hemangioma (HH) (Fig. 7.3)
are the most common benign tumors of the liver
in infancy [25]. Almost all infantile HH present
before 6 months of age and mainly in the first
2 months of life. These tumors may be unifocal
or multifocal and are Glutl positive which dif-
ferentiates them from congenital hemangiomas
and other vascular tumors. Lymphatic markers
are negative [26]. The tumors usually increase in
size until 12 months of age followed by a gradual

Fig. 7.3 Infantile hepatic hemangioma in a 6-month-old
boy found incidentally on an ultrasound examination.
There is a 15 x 14 mm echogenic well-circumscribed
right liver lesion with characteristics of a hemangioma
(arrows)

resolution more than 3-9 years [27]. These
tumors may present with abdominal distension or
a palpable mass and rarely with high output car-
diac failure, anemia, failure to thrive and
Kasabach—Merritt syndrome or liver failure, pul-
monary hypertension, and respiratory distress.
Infantile HH express 3-iodothyronine deiodinase
that converts thyroid hormone to an inactive form
thus hypothyroidism needs to be carefully and
regularly screened for in these infants [28].

Congenital HH, in contrast, are fully formed
at birth and either rapidly involuting by age 2,
partially involuting, or non-involuting. These
tumors are Glutl and lymphatic markers negative
[29]. They are predominantly unifocal and may
have intra-tumoral calcification. Congenital HH
may be diagnosed on antenatal scan or in the
perinatal period when they may present with
perinatal intra-tumoral bleeding (anemia, hypofi-
brinogenemia, thrombocytopenia).

On ultrasound, HH are well-circumscribed
masses with large feeding and draining vessels.

Management of HH is observation only if
asymptomatic and small/unifocal. It has been
recommended to follow these lesions up to reso-
lution [29]. For symptomatic or large/multifocal
lesions, beta blockers are recommended as first
line. In the event that additional management is
required, steroids, alpha interferon, vincristine,



7 Pediatric Focal Lesions in the Liver: A Clinical Perspective 55

and cyclophosphamide have all been reported as
treatments in case reports or series, but there is no
consensus as to the efficacy [30].

Arterial embolization of a main feeding
hepatic artery may decrease flow into the lesion.
Likewise, surgical hepatic artery ligation or in
some cases resection may be required. In the case
of an unresectable lesion(s), liver transplant may
occasionally be offered.

Hepatic hemangioendothelioma is best used
as nomenclature for a separate entity, which
occurs in older children and is intermediate
between an HH and an angiosarcoma. Liver,
lung, skin, and bone are the most commonly seen
regions for these lesions [31].

7.2.4 Liver Cysts

As with any focal liver lesions, liver cysts may be
single or multiple (Fig. 7.4). Solitary cysts may be
congenital or acquired. The most common con-
genital cysts include simple cysts, mesenchymal
hamartomata (which typically comprise both solid
and cystic areas) (Fig. 7.5), intrahepatic chole-
dochal cysts, ciliated hepatic foregut cysts, and
biliary cysts [32]. Acquired may be infectious
(pyogenic or amoebic abscess) parasitic (in par-
ticular hydatid), neoplastic (cystadenoma, sar-
coma, teratoma), and biliary cysts (post-traumatic).

Simple hepatic cysts may be antenatally detected
and are often asymptomatic. Asymptomatic cysts
do not require treatment and can be monitored
using US. If they become symptomatic, for exam-
ple with abdominal distension/pain, respiratory
distress, and/or duodenal obstruction, if they
enlarge significantly, or if imaging raises diagnos-
tic uncertainty, they can be treated. Surgical exci-
sion is usually the best option but if this is not
possible and there is no diagnostic concern about
their nature then aspiration, sclerotherapy, or fen-
estration may also sometimes be considered.

7.2.5 Infective Cysts
Infective focal lesions in the liver include single or
multiple pyogenic abscesses and parasitic cysts.
Children may present with abdominal pain and
fever. In the case of liver abscess, underlying
pathology such as a ruptured appendix or immu-
nodeficiency should be excluded. In particular,
chronic granulomatous disease can present in this
way [33]. Management of liver abscess is most
commonly with prolonged intravenous antibiotics.
Ideally, US-guided aspiration of pus will guide
antimicrobial choice and confirm diagnosis.
Amoebiasis secondary to Entamoeba histolytica
is most commonly found in the tropics and subtrop-
ics and can present with hepatic abscesses. Typically,

Fig. 7.4 Incidental finding in a 7-year-old girl on an
ultrasound examination for abdominal pain, found to be a
septated cystic structure. (a) Septate irregular hypoechoic

lesion in the right lobe of the liver (arrows). (b) The MR
imaging (T2 weighted sequence) confirms fluid content
and the cystic nature of the lesion
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Fig. 7.5 A 7-month-old male infant with abdominal dis-
tension, found to have a mesenchymal hamartoma, which
typically comprises both solid and cystic areas. (a) A
lobulated cystic structure within the right liver lobe

(arrows), with some more solid aspects (arrowheads). (b)
A T2 weighted MR image showing the high signal cyst
within the liver, and an intermediate signal of the solid
component

Fig. 7.6 A 11-year-old boy with a 4-month history of
weight loss and fever, with an amoebic liver abscess. (a) A
heterogeneous irregular lesion present in the right lobe of
the liver (arrows), with posterior acoustic enhancement

a single abscess in the right lobe presenting with
pyrexia, right upper quadrant pain. Less commonly
nausea vomiting, diarrhea, and jaundice may be
presenting features (Fig. 7.6). Aspiration may yield
anchovy sauce-like pus. Treatment is usually with
metronidazole with or without chloroquine for at
least 2 weeks. A luminal amobicide, such as paro-
momycin, may also be given to eradicate gastroin-
testinal disease.

Hydatid disease is caused by the parasite
Echinococcus granulosus (the dog tape worm)

indicating a fluid collection with debris. (b) On the T1
weighted MR image, there is a well-demarcated mixed
signal (arrows) lesion suggesting an abscess

which can affect dogs who have been fed offal
from infected live stock. The liver is the most fre-
quent site for cyst formation. Children may pres-
ent with liver enlargement, abdominal pain with
nausea and vomiting, the development of portal
hypertension, portal vein thrombosis, and biliary
cirrhosis less common. Cysts may be single or
multiple sometimes with internal daughter cysts
and calcification present. Diagnosis can be made
using serology and the detection of antibodies in
blood. Definitive therapy is with complete cyst
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removal though spillage of contents into the peri-
toneal cavity and anaphylaxis during surgery can
occur. Small hydatid cysts may be treatment with
mebendazlole and albendazole. Medical treat-
ment pre-operatively may make extensive lesions
cysts more amenable to surgery.

7.3  Biliary Cysts

Biliary cysts may be present in the context of cys-
tic biliary atresia or in a post-Kasai operation
patient who develops bile “pools or lakes” from
ectatic bile ducts. Cholangitis is a particular con-
cern in these patients. Biliary cysts may also be
acquired from trauma. Rarely a cystoenterostomy
may be required. In the case of cystic biliary atre-
sia, a portoenterostomy is performed. Caroli dis-
ease is characterized by intrahepatic biliary
cyst(s). Caroli syndrome manifests as multiple
biliary cystic lesions in the presence of extrahe-
patic features, most commonly polycystic kidney
disease and may be inherited in an autosomal
dominant manner. In the case of diagnostic doubt
between biliary and non-biliary cystic lesions, an
HIDA nuclear medicine examination will distin-
guish whether or not the cyst contains bile.

fever, jaundice, and weight loss may be the pre-
senting features [36]. There is a possibility of
spontaneous regression, but recurrence has also
been described. In the case that the lesion is
symptomatic (the majority as the child will come
to medical attention with symptoms as above), or
if there is diagnostic uncertainty then surgical
resection is considered. Local resection curative
in most [37]. The histology is of spindle cell pro-
liferation admixed with chronic inflammatory
cell infiltrate or plasma cells, lymphocytes, and
histiocytes. Anaplastic lymphoma kinase gene
rearrangements noted in half; this is associated
with localized disease at presentation and
improve prognosis.

7.4.2 Calcified Lesions

Calcified lesions in the liver may be associated
with antenatal infection or either antenatal or
post-natal vascular accidents. Tumors such as
teratomas or even hepatoblastomas may be par-
tially calcified. Granulomatous disease such as
sarcoid can rarely present with calcified lesions.
The majority of calcified lesions in the liver do
not need follow up.

7.4  Mesenchymal Hamartoma
Mesenchymal hamartoma is the second most
common benign focal liver lesion. They usually
present in infants and children less than 2 years
with a large abdominal mass. Bleeding into the
hamartoma or rupture may also be the present-
ing feature. The tumor is usually single, more
often located in the right lobe and with both
solid and cystic components. Management is
generally full surgical resection, in part to con-
firm diagnosis as there is a possible malignant
potential associated [34, 35].

7.4.1 Inflammatory Myofibroblastic

Pseudotumor

This is a benign tumor which can arise anywhere
in body. In the case of hepatobiliary involvement,

7.5 Malignant Liver Lesions

7.5.1 Hepatoblastoma
Hepatocellular carcinoma (HCC) and hepato-
blastoma (HB) account for 1% of all pediatric
tumors. Incidence has been increasing possibly
because of better survival of premature infants
who have an increased risk of developing the
tumor. The incidence of hepatoblastoma is
between 0.5 and 1.5 per million population [38].
Hepatoblastoma occurs most commonly in the
first 4 years of life with a median age at diagnosis
of 18 months (Fig. 7.7). Hepatoblastoma can also
present at birth or even rarely in utero.
Characteristically the tumor is associated with an
elevated o fetoprotein (AFP) in the blood. Unlike
in HCC where there may be a modest rise in AFP,
with hepatoblastoma the AFP is often >1,000,000
kIU/L. Risk factors include small birth weight
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Fig. 7.7 A l-year-old boy with an abdominal mass, pre-
senting with a hepatoblastoma. (a) The ultrasound image
demonstrates a focal large isoechoic liver mass (arrows),
compressing surrounding liver parenchyma and displac-

and prematurity in which case there the progno-
sis can be less favorable [39, 40]. Children with
syndromes, such as Beckwith Wiedemann syn-
drome and Trisomy 18 [41], have an increased
risk of developing HB, as well as those with a
family history of FAP [42].

Children may present with abdominal pain
and vomiting, failure to thrive, fever and more
rarely jaundice, abdominal distention, or with an
abdominal mass. Investigation will include some
form of axial imaging following the initial US
(CT or MR imaging) which delineates PRETEXT
staging and on which a chemotherapy regime is
based.

Regional international collaborations have dif-
ferent approaches to management with or without
the use of neo-adjuvant chemotherapy prior to
surgery (resection or transplant). The Pediatric
Hepatic International Tumour Trial (PHITT) aims
to resolve these differences and brings together
the expertise of the European SIOPEL group, the
Liver Tumour Committee of the Children’s
Oncology Group, USA (COG), and the Japanese
Children’s Cancer Group (JCCG).

Hepatoblastomas may be embryonal, mesen-
chymal, or mixed. Very well-differentiated fetal
histology has the best prognosis with small cell
undifferentiated the worst. Prognostic markers
include age, AFP, and extrahepatic spread. For

ing the right kidney. (b) The post-gadolinium T1-weighted
MR image confirms a mixed signal large hepatoblastoma
with patchy enhancement (arrows)

those children with low-risk disease, survival is
90% at 5 years though only 50% in those with
high-risk disease [20].

7.5.2 Hepatocellular Carcinoma

Hepatocellular carcinoma is rarer than hepato-
blastoma in children and tends to occur in an
older age group (Fig. 7.8). An HCC may occur in
the context of chronic liver disease such as
Hepatitis B, metabolic disorders, intrahepatic
cholestasis syndromes, or other cirrhosis [2].
Non-cirrhotic HCC can also occur and is less
common than in adults. There has been some
decrease in incidence of the tumor with the rise in
Hepeatitis B vaccination [43].

An HCC may present with abdominal pain
and vomiting, jaundice, bleeding, or rupture of
the tumor. An abdominal mass is often palpable
at time of presentation with de novo tumors. AFP
may be elevated but rarely to the extent of that in
HB. It is important to screen for underlying liver
disease. The optimal treatment is complete surgi-
cal resection if possible. Transplantation may be
necessary but guidelines have been set (Milan
criteria) as to when this is appropriate in adults.
Often children may have mixed hepatocellular
neoplasms and thus it is not clear to what extent
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Liver Right

Fig. 7.8 A 12-year-old girl with chronic autoimmune
liver disease presents with a “new” nodule on a routine
ultrasound examination found to be a hepatocellular carci-
noma, requiring a liver transplantation. (a) An isoechoic
nodule in the mid aspect of the right liver lobe (arrows)

that these guidelines should extend to children.
Some studies have looked at transplants in adults
beyond the Milan criteria and reported good out-
comes [44]. Thus, unless there is major vascular
invasion or extrahepatic disease, children with
HCC will more often be considered for liver
transplantation, but transplantation usually has a
very poor outcome in the presence of lung metas-
tases [45].

Unfortunately, HCC is a relatively chemo-
resistant tumor though many new drugs are cur-
rently in clinical trials. The mainstay of
management to date has been a combination of
cisplatin and sorafenib. There is a 5-year survival
reported of 70% with mortality largely due to
recurrent disease.

7.5.3 Fibrolamellar Tumors

Fibrolamellar tumors are malignant neoplasms
occurring mostly in adolescents and young adults
and almost never under the age of 5 years. The
median age at presentation is 21 years.
Fibrolamellar tumors do not generally occur on
the background of a cirrhotic liver. There may be
an elevated AFP associated. By the time of pre-

with a halo, suggesting either a regenerative nodule of a
hepatocellular carcinoma on the background of liver cir-
rhosis. (b) The MR image demonstrates the lesion
(arrows) shows restricted diffusion on DWI, in keeping
with a hepatocellular carcinoma

sentation, these tumors are often large. In one
series the average size at presentation was 12 cm
[46]. Computed tomography imaging shows a
large well-circumscribed lesion, which enhances
strongly in both arterial and portal venous phases
and isodense in delayed scans. A poorly enhanc-
ing central scar may sometimes be seen.
Fibrolamellar tumors metastasize by lymphatic
and blood. With full surgical resection, 5-year
survival has been reported at 70%. Although liver
transplant has been reported, outcomes have not
been good for this tumor [47].

7.5.4 Transitional Tumors

Tumors in children may have mixed features of
hepatoblastoma and hepatocellular carcinoma.
This occurs more often in older children and AFP
is usually elevated. Histologically these tumors
are intermediate between a macro-trabecular vari-
ant HB and a trabecular HCC. Outcome is poorer
for these transitional tumors than for HB. There is
also a chemotherapy effect that may be seen so
diagnostic biopsy taken before chemotherapy
started is sometimes better able to distinguish
tumor types than resection post chemotherapy.
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7.5.5 Embryonal Sarcoma

Embryonal sarcomas comprise 5% of liver tumors
in children. They most commonly occur between
the ages of 6 and 10 years and in males, with a
normal AFP. Several reports suggest that embryo-
nal sarcomas may arise within mesenchymal ham-
artoma, an otherwise benign lesion. On US
embryonal sarcomas are solid isoechoic demar-
cated tumors. On CT imaging, they are well-cir-
cumscribed hypoattenuating lesions with multiple
enhancing septations. An enhancing pseudocap-
sule may be present. Metastases may be present at
the time of presentation. Histologically these
tumors have large areas of necrosis with areas of
viable tumor. Characteristically stellate or spindle
cells are loosely arranged in a myxoid matrix.
Initial reports suggest that prognosis is poor [30].
Over the last two decades, a combination of che-
motherapy, surgery, and transplantation has
allowed a survival of 90% [36, 48].

7.5.6 Biliary Rhabdomyosarcoma

Biliary rthabdomyosarcoma is the most common
cause of malignant biliary obstruction in children.
Biliary rhabdomyosarcoma may affect any part of
the extra or intrahepatic biliary tree including the
gallbladder. The median age of presentation is
3 years and presenting features include jaundice
and abdominal pain. Computed tomography imag-
ing may show a dilated biliary tract with hypoat-
tenuating tumor in the bile duct. Biopsy of the
lesion may need to be via open surgery. Resection
of the tumor may be possible using a hepatojeju-
nostomy. Negative margins are very rarely
achieved, however, and adjuvant chemotherapy/
radiotherapy is required. The 5-year survival has
been quantified as 66% (higher with metastases).
Liver transplantation has been reported but radio-
therapy may be an alternative [49].

7.5.7 Angiosarcoma

This is a highly malignant neoplasm occurring
mostly in the older child with a poor prognosis.

Resection may be an option, but metastases are
frequently present at the time of diagnosis.

7.6  Conclusion

The approach to focal lesions in a child is first to
determine benign versus malignancy. Benign
lesions that are symptomatic or have malignant
potential may also need an aggressive approach.
The age of the child will suggest the differential
diagnosis with hepatoblastoma and infantile
hemangioma most common under the age of
5 years. Over 5 years, hepatocellular carcinoma,
hepatic adenoma, focal nodular hyperplasia are
more likely. The step-wise approach to diagnosis
will include blood biomarkers such as AFP, imag-
ing, and lesional histology.
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Contrast-Enhanced Ultrasound
of Pediatric Focal Liver Lesions

Maciej Piskunowicz, Cheng Fang,
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and Paul S. Sidhu

8.1 Introduction

Ultrasound (US) is usually the first-line investiga-
tion for abdominal symptoms, with any focal liver
lesion (FLL) likely to be initially encountered
with this US investigation, both in adults and chil-
dren. Ultrasound is particularly well suited for the
pediatric population, with less difficult abdominal
habitus than an adult and is often used in many
clinical settings in the child. Furthermore, US has
many other advantages over other imaging meth-
ods in the child; there is no ionizing radiation, no
need for any sedation or iodinated/gadolinium-
based contrast agents, all potentially detrimental
to the health of the child [1-4].

Traditionally, an US examination has been
limited by the lack of any suitable contrast agents,
but with the advent of microbubble ultrasound
contrast agents (UCA), this has changed.
Ultrasound contrast agents are gas-filled micro-
bubbles with a stable shell, the most commonly
used is SonoVue™ (Bracco SpA, Milan), which
consists of a phospholipid shell filled with an
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inert gas, sulfur hexafluoride. Microbubble UCAs
have an excellent safety profile with reported
incidence of severe adverse reactions around
0.0086% in adults, with reports now indicating a
similar reaction rate in children [5, 6]. These
UCAs have been extensively used in the evalua-
tion of focal liver lesions (FLLs) in adults for a
number of years in European and Asian coun-
tries, with success, proving to be accurate and
cost-effective [7-9]. The more recent approval by
the Food and Drug Administration (FDA) in the
United States for both adult and pediatric FLL
assessment is the first time there has been a
license for the intravenous use of UCA in chil-
dren [10]. Despite this approval, there are few
reports in the literature of the use of UCA in the
assessment of FLL in children, but this may
reflect the recent endorsement, and the cautious
nature of the examining physician, relying on
more established imaging methods for the assess-
ment of an FLL in the child. The small number of
reports originate from Europe, where the UCAs
have been used off-label, but established their
usefulness, safety, and accuracy in children [6,
11]. The registry of CEUS use in pediatric prac-
tice initiated by the European Federation and
Society of Ultrasound in Medicine and Biology
(EFSUMB) provides a platform for data collec-
tion of pediatric CEUS examinations performed
for any indication in institutions across Europe
and in time to develop a body of evidence for
future evidence-based recommendations [12].
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The aim of this chapter is to describe the use of
CEUS in characterizing benign and malignant
liver tumors in children.

8.2 Technical Aspects for Liver

CEUS Imaging

Contrast-enhanced ultrasound (CEUS) can be
used as an alternative imaging modality to mag-
netic resonance (MR) or computed tomography
(CT) imaging for children with an FLL. The indi-
vidual vascularization pattern of FLL makes
CEUS a very specific and sensitive tool for detec-
tion and accurate characterization of any FLL. A
CEUS examination may be performed in the
clinic as well at the patient’s bedside as an exten-
sion of the regular US examination. It can shorten
the time for the patient and the family to obtain
the final diagnosis and reduces the overall costs
of diagnostic imaging [6]. In the pediatric popu-
lation, the biggest benefits of using CEUS are in
children with a single FLL and with a previous
cancer history or comorbidity of another sys-
temic disease, particularly with underlying
chronic liver disease; confirmation of a benign
lesion can be immediate.

The procedure for a CEUS examination in the
child is no different from that in an adult, with the
younger child usually having had placement of
the intravenous cannula remote from the US
examination room, placed by a pediatric nurse or
physician.

With the US examination, the operator must
optimize the grayscale US images to allow ideal
viewing of the lesion, preferably in the center of
the screen, moving along the plane of the trans-
ducer (usually longitudinal) in order to maintain
lesion visualization throughout the examination.
The intravenous dose of SonoVue™ (Bracco SpA,
Milan) for liver imaging, the most commonly used
UCA, as recommended by the manufacturer is
0.03 mL/kg. In practice, dosage of 0.1 mL/year of
age has also been used [13]. It is practicable and
safe to administer more than one dose during any
CEUS examination, with attention given to the
dissipation of the UCA before a second examina-
tion is performed, usually a minimum of 10 min

[14]. In addition, the dose must be adjusted to the
type of US scanner and transducer used. The
arrival time of the UCA is dependent on the venous
site of administration (central vs. peripheral vein),
heart rate, and the volume of the circulating blood.
In the youngest children, the arrival time is usually
less than 10 s. The examination must be performed
using contrast specific low mechanical index (MI)
imaging, normally defined as an MI < 0.1. For
investigating sub-capsular lesions, a linear higher
frequency transducer may be used to obtain better
spatial resolution; the MI can be increased to 0.12—
0.16 in these cases, with a higher dose of the UCA,
often needed. The US beam focus should be posi-
tioned below the examined lesion. Localizing deep
lesions in the cirrhotic liver or liver overloaded
with iron can be challenging due to reduced beam
penetration through the liver parenchyma.
Prolonged recording of the late portal venous
phase up to 5 min with intermittent imaging of the
lesion is recommended to elicit washout while not
causing excessive microbubble disruption [15].
This is particularly important in case of suspicion
of hepatocellular carcinoma (HCC), which often
shows mild and late wash out.

8.3  Focal Liver Lesions
A focal liver lesion is often encountered in the
adult population, often benign in the context of a
patient referred from the community physician,
where the majority are benign hemangioma,
focal fatty sparing or infiltration, or the rarer
benign hepatic adenoma or focal nodular hyper-
plasia. Rarely a newly encountered FLL on an
initial US examination is malignant. Referral
form any other source, for example, hospital-
based oncology or hepatitis clinics will yield a
greater number of FLL that are malignant [16,
17]. The same principles are likely to apply to the
pediatric population, with any underlying chronic
liver disease predisposing to the development of
FLL, both benign and malignant [18].
Furthermore, the increasing prevalence of
hepatic steatosis, both in the adult and child,
renders the occurrence of areas of focal fatty
sparing and infiltration increasingly endemic,
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posing difficulty with a clear US diagnosis, caus-
ing both parental and clinical anxiety. Often fur-
ther imaging with computed tomography (CT) or
magnetic resonance (MR) imaging is needed to
establish the diagnosis; the use of CEUS has the
potential to resolve this dilemma and reduce the
costs associated with this additional imaging.
The characteristics of the numerous FLL
encountered in pediatric practice are discussed
later, and Table 8.1 details the spectrum of FLL
seen in the child with underlying chronic liver
disease. Where the normal practice is the undergo
US surveillance for the development of any new
FLL in the child with chronic liver disease, using
CEUS is particularly cost-effective [6], and this
has also been demonstrated in adult patients [19].

Table 8.1 Spectrum of focal liver lesions in the pediatric
patient with a normal underlying liver and a cirrhotic
underlying liver

Age Benign Malignant

Normal liver

<5 years Hemangioendo- Hepatoblastoma
thelioma
Mesenchymal Metastasis
hamartoma

>5 years Hepatic adenoma | Hepatocellular

carcinoma
Focal nodular Undifferentiated
hyperplasia embryonal sarcoma
Hemangioma Metastasis/
lymphoma

Chronic Benign Malignant

disease

Underlying cirrhotic liver

Glycogen Adenoma

storage

disease

Tyrosinemia | Regenerative Hepatocellular
nodules carcinoma

Wilson’s Regenerative

disease nodules

Alpha 1 Regenerative

antitrypsin | nodules

deficiency

Progressive | Regenerative Hepatocellular

familiar nodules carcinoma

intrahepatic

cholestasis

Biliary Regenerative Hepatocellular

atresia nodules carcinoma

The practice of assessing FLL in the child is
based on the principles well established in adult
clinical practice and detailed in guidelines issued
by EFSUMB, following the different enhance-
ment patterns during the arterial and portal
venous phase, paying particular attention to the
pattern of arterial enhancement and the delayed
washout of the FLL. It is good practice to base
the interpretation of the findings on the late portal
venous enhancement pattern; washout is likely
malignant and retention of the UCA indicates a
benign entity, with a pattern of arterial enhance-
ment diagnostic (Fig. 8.1) [20].

8.4 Benign Focal Liver Lesions
Grayscale US with color Doppler imaging is the
method of choice for the examination of children
suspected of having a benign FLL. Most benign
FLL can be detected on the grayscale US. The
application of color Doppler US has benefits, but
is limited by the sensitivity of the technique,
being operator dependent and is not reproducible
to give any particular diagnostic pattern of ves-
sels depicted. However, the use of CEUS signifi-
cantly increases sensitivity and specificity in
benign lesions, particularly if the underlying
grayscale US appearances are atypical, for exam-
ple, a low reflective FLL in a fatty liver that is a
hemangioma. It allows establishing the diagnosis
and completing the diagnostic pathway, avoiding
additional MR or CT imaging.

8.4.1 Focal Fatty Infiltration

and Focal Fatty Sparing

A growing number of obese older children are
found to have non-alcoholic fatty liver disease
(NAFLD). This NAFLD is linked to the most
common liver parenchyma changes seen in both
adults and children, such as focal fatty infiltration
(FFI) and focal fatty sparing (FFS) which are often
detected during a routine grayscale US liver exam-
ination (Figs. 8.2 and 8.3). The majority of these
fatty change lesions occur at typical locations
(adjacent to the gallbladder fossa, around the porta
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Fig. 8.1 A flow chart of the diagnostic interpretation of
the vascular patterns of enhancement of focal liver lesions
ultrasound examination, with

in a contrast-enhanced
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Carcinoma embryonal sarcoma

interpretation working backward from the washout char-
acteristics in the late portal venous phase

Fig. 8.2 Incidental finding of focal fat infiltration in an
11-year-old male, confirmed on magnetic resonance and
computed tomography imaging. (a) Grayscale ultrasound
shows a geographical pattern of hyperechoic abnormality
(arrows) within the right liver. (b) On the arterial at 20 s,

there is no hyper-or hypo-enhancement (arrow). (¢) On
the late portal venous phases at 122 s on the contrast-
enhanced ultrasound images, focal fat infiltration shows
iso-enhancement to the background liver (arrow)
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Fig.8.3 Area of focal fat sparing in a 17-year-old obese male.
This area “disappeared” on a 2-year follow up ultrasound
examination. (a) Grayscale ultrasound shows a geographical
area of hypoechoic abnormality (arrow) within the right liver.

hepatis or falciform ligament) [21]. On grayscale
US, the areas affected by FFS and FFI have geo-
graphical borders without the mass effect and dis-
tortion of the vessels. The echogenicity is increased
in FFI and decreased in FFS. However, these FLL
can mimic other benign or malignant lesions, with
a resulting diagnostic dilemma on grayscale US,
needing to proceed to further imaging with CT or
MR imaging, but this is often not helpful. With a
CEUS examination, an area of FFI and FFS cannot
be distinguished from normal liver parenchyma,
and on all vascular phases, have the same pattern
of enhancement as the normal liver parenchyma,
establishing the diagnosis. In particular, there is no
washout of the UCA from the lesion [22].

8.4.2 Hemangioma

A hemangioma is a vascular malformation and
the commonest incidentally discovered FLL in

(b) On the arterial at 30 s there is no hyper-or hypo-enhance-
ment (arrow). (¢) On the portal venous phases at 75 s on the
contrast-enhanced ultrasound images, focal fat sparing shows
iso-enhancement to the background liver (arrow)

children [23]. The three subtypes of infantile
hepatic hemangioma (IHH)—focal, multifocal,
and diffuse can be seen during the first months of
life. On grayscale US, an IHH presents as a well-
defined, rounded, usually hypoechoic lesion. The
smaller IHH is more homogeneous, whereas a
large focal IHH can be inhomogeneous due to the
presence of calcifications, necrosis, hemorrhage,
and prominent intralesional arteries and veins.
On a CEUS examination, the IHH demonstrates
peripheral nodular arterial phase enhancement
with centripetal progression during the portal
phase and complete or near-complete fill-in in the
late portal venous phase [13, 24, 25]. The nodules
are hyper-enhancing comparing to the liver
parenchyma during all phases. In older children,
an incidentally discovered hemangioma is likely
hyperechoic on grayscale US with the same
enhancement pattern on CEUS as with adults.
The CEUS assessment of small hyper vascular-
ized hemangiomas can be challenging, as they
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Fig. 8.4 Focal infantile hepatic hemangioma (IHH) in a
4-month-old child, which resolved on follow up ultra-
sound over 2 years. (a) Grayscale ultrasound shows focal
hypoechoic subcapsular lesion (arrow) within the right

can demonstrate rapid enhancement with a cen-
tripetal pattern of filling, which can be often only
observed retrospectively when reviewing the cine
loops frame by frame (Fig. 8.4).

8.4.3 Focal Nodular Hyperplasia

Focal nodular hyperplasia (FNH) is a form of a
regenerative lesion composed of hyperplastic
hepatocytes, malformed biliary drainage chan-
nels, which are not connected to the bile ducts
and sinusoidal capillaries supplied by the hepatic

liver. (b) The IHH shows peripheral nodular enhancement
on the arterial phase at 19 s (arrow). (¢) There is centrip-
etal near complete filling in of contrast during delayed
venous phase at 147 s (arrow)

artery with drainage to the hepatic veins without
a portal venous supply [26]. An FNH has
increased prevalence in long-term survivors after
childhood cancers such as Wilms’ tumor, neuro-
blastoma, germ cell tumor, and sarcomas due to
the use of chemotherapy drugs, which induce
hepatic vascular endothelial injury [27]. In these
children, with a previous cancer history, the
appearance of a new lesion in the liver is particu-
larly concerning, as the FLL could represent dis-
ease recurrence or metastatic disease. On
grayscale US, the detection of a smaller FNH
(<2 cm) can be difficult because the FNH is usu-
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Fig. 8.5 Focal nodular hyperplasia (FHN) in a 7-year-old
female. (a) Grayscale ultrasound shows a focal hyperechoic
lesion (arrow) within the right liver. (b) On contrast enhance-
ment ultrasound, arterial phase, the FNH demonstrates a

ally isoechoic to the surrounding liver paren-
chyma. A larger lesion has a rounded contour and
can be slightly hyperechoic or hypoechoic to the
background liver, with areas of heterogeneous
echotexture. Color Doppler US can demonstrate
a central feeding artery with markedly increased
blood flow [28]. Additional newer options for
vessel detection (B-flow, superb microvascular
imaging) as well as power Doppler US demon-
strate a spoke-wheel pattern of vascularization in
most of the larger lesions. This can be crucial for
establishing the final diagnosis without the need
for any further imaging examinations. On CEUS,
an FNH shows early centrifugal filling and rap-
idly becomes homogeneously hyperenhancing
(the spoke-wheel pattern usually can be seen on
the cine loop frame by frame) on the late arterial

spoke wheel enhancement pattern (arrows) with a small
focal central “scar” (arrowhead). (¢) The FNH remains iso-
enhancing (arrows) compared to the background liver
parenchyma on the late portal venous phase at 180 s

phase [29]. During the early portal phase, an
FNH is hyperenhancing compared to the liver
parenchyma (Fig. 8.5). During the late portal
venous phase, an FNH will sustain enhancement
for a long time, therefore appearing slightly
hyperenhancing or isoenhancing to the liver
parenchyma. The central vascular scar can be vis-
ible in the portal and late portal venous phases as
a linear/stellate filling defect in the middle of the
lesion [29].

8.4.4 HepaticAdenoma
A hepatic adenoma (HA) in a child is associated

with underlying disorders such as glycogen stor-
age disease, obesity, diabetes mellitus, in teenage



70

M. Piskunowicz et al.

girls on the oral contraceptive pill, and young
boys is associated with anabolic steroid ingestion
[28]. On grayscale US, an HA is a round-shaped
lesion with a well-demarcated edge, separated
from the adjacent liver parenchyma. An HA can
be hyperechoic due to lipid content or hemor-
rhage (can occur with larger lesions) or
hypoechoic if the background liver parenchyma
is fatty. On color Doppler US, an HA shows tor-
tuous vessels with increased vascularity. On
CEUS, an HA has a rapid, intense enhancement
with centripetal or mixed centripetal/centrifugal

LIVER_

Fig. 8.6 Hepatic adenoma (HA) in a 16-year-old female.
(a) Grayscale ultrasound image shows a focal hyperechoic
lesion (arrows) within the right liver. (b) On contrast
enhancement ultrasound, the lesion shows a mixed pattern

pattern on the arterial phase imaging [29]. During
the early portal venous phase, an HA can remain
hyperenhancing or slowly becoming isoenhanc-
ing to liver parenchyma. During the late portal
venous phase, the HA is isoenhancing (Fig. 8.6).
The hemorrhagic regions within the lesion do not
enhance in any phase. Hypoenhancement during
the portal venous and late portal venous phase is
rare and dependent on the type of HA classifica-
tion [30], and this may then be misinterpreted as
a malignant FLL [31]. In these cases, a short
interval follow-up or tissue diagnosis is required

of arterial hyperenhancement at 15 s (arrows), in a cen-
trifugal direction. (¢) The lesion appears iso-enhancing
(arrows) compared to the background liver parenchyma
on the late portal venous phase at 137 s
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depending on the level of clinical suspicion. The
HA does not show a central scar which can be
seen in an FNH.

8.4.5 Cystic Lesions

Simple hepatic cysts on the grayscale US are
well-circumscribed, round or ovoid lesions. The
walls do not show thickening, and when larger
demonstrate posterior acoustic enhancement, a
classical sign of a cystic lesion. Cysts may con-
tain intra-cystic debris; septations can pose a
diagnostic dilemma by mimicking a solid com-
ponent of an intramural solid nodule. On CEUS,
benign cystic lesions do not show any internal

Fig. 8.7 Hepatic cyst in a 12-year-old male with liver
transplantation due to biliary atresia. (a) Grayscale ultra-
sound shows a focal anechoic lesion within the left lobe of

e, T

Fig. 8.8 Amoebic abscess in a 9-year-old-boy presenting
with 3-month history of weight loss, lethargy, and fever.
(a) Grayscale ultrasound shows a hyperechoic heteroge-
neous subcapsular mass (arrows) within the right lobe of

enhancement, with very thin enhancing septa-
tions noted, and with no wall enhancement
(Fig. 8.7). If on the CEUS examination, thick-
ened septal, intramural, or mural enhancement is
visible (Fig. 8.8), then a malignant cystic lesion is
possible [32].

8.4.6 Hepatic Abscess

In developed countries, the most common hepatic
abscess is bacterial in origin, whereas in develop-
ing countries, parasites are the most common
pathogen, wusually Entamoeba histolytica or
Echinococcus spp. On grayscale US, bacterial
abscesses have irregular edges, most are hypoechoic

T101:40 T2 00:00

the liver, with some posterior acoustic enhancement. (b)
On contrast enhancement ultrasound, the lesion is non-
enhancing (arrow) in the late portal venous phase at 97 s

the liver. (b) On contrast enhancement ultrasound there is
peripheral rim enhancement, but the central fluid collec-
tion is non-enhancing with septations noted (arrows)
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due to areas of the dense fluid collection with some
internal hyperechogenic regions often from puru-
lent inflammatory tissue, septations and on occa-
sion, with gas-forming organisms, air may be seen.
On arterial phase images, there is enhancement
from the abscess wall (rim enhancement), septa-
tions or purulent inflammatory tissue within the
abscess when present. Areas of fluid collection
localized within the abscess, between septations
will notenhance. On grayscale US, an Echinococcus
abscess can appear as a simple cyst, cysts with
internal membranes or internal daughter cysts with
debris, cysts with intramural nodules or calcified
areas. There is a paucity of data on the CEUS
appearance of parasitic abscesses in children.
However, in adults, with hepatic alveolar echino-
coccosis (HAE), the periphery of the HAE shows
rapid rim-like strip of enhancement during the
early arterial phase, with slow washout during the
late portal venous phase (Fig. 8.9). No contrast
enhancement was observed within the HAE lesions
in the arterial, portal, and delayed phases [33].

8.4.7 Regenerative Nodular
Hyperplasia

Regenerative nodular hyperplasia (RNH) is rare
in children. In RNH the regular hepatic paren-

chyma is replaced by multiple, regenerative nod-
ules of hyperplastic hepatocytes. Regenerative
nodular hyperplasia can be associated with
myeloproliferative and lymphoproliferative syn-
dromes, lupus erythematosus, steroids, cytotoxic
and immunosuppressive drugs. On grayscale US,
RNH can be seen as solitary or multiple solid
nodules that are either hypo- or isoechoic. The
larger nodules can distort background liver archi-
tecture and will have a heterogeneous echo-
genicity [25]. On CEUS they are isoenhancing to
the liver parenchyma during all phases (Fig. 8.10).

8.4.8 Mesenchymal Hamartoma
of the Liver

Mesenchymal hamartoma of the liver (MHL) is a
mass composed of fluid-filled cystic spaces
within areas of degenerated mesenchyme [34]. It
usually appears within the first 2 years of life and
it is very uncommon in older children and adults.
On grayscale US, MHL appears as large mass
with a solid component, septation, and numerous
cysts of different sizes. Mesenchymal hamartoma
of the liver may have predominant mixed cystic
and solid structures. Calcifications and hemor-
rhage are uncommon features. On CEUS, the
solid components of the MHL are isoenhancing

Fig. 8.9 Bacterial abscess in a 14-year-old female pres-
ent with fever. (a) Grayscale ultrasound shows a subcap-
sular mass (arrows) with heterogeneous echogenicity
within the right lobe of the liver. (b) On contrast

enhancement ultrasound, there is thick peripheral rim
enhancement (arrowheads). The central loculated fluid
pockets are much better defined
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Fig. 8.10 Hepatic regenerative nodule in a 15-year-old
female with cystic fibrosis-related liver disease and portal
hypertension. (a) Grayscale ultrasound shows a hyper-
echoic nodule (arrow) in the right liver lobe, with underly-
ing chronic liver parenchymal changes. (b) On contrast

enhancement ultrasound, the regenerative nodule shows
iso-enhancement compared to liver parenchyma during
arterial at 15 s (arrow). (¢) In the portal venous phase at
90 s, the lesion remains isoenhancing with the background
liver (arrow)
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Fig. 8.11 Mesenchymal hamartoma in a 7-month-old male
presenting with hepatomegaly. (a) Grayscale ultrasound
shows a large cystic mass with internal septation (arrow). (b)

to the liver in all phases, with no enhancement of
the cystic parts (Fig. 8.11).

8.4.9 Bile Duct Hamartomas (von
Meyenburg Complex) and Bile
Duct Adenomas

Bile duct micro-hamartomas (BDMH), also
known as von Meyenburg complex, have a cystic
nature. They are composed of dilated intrahepatic
bile ducts not communicating to the biliary tree,
separated by fibrous septae and surrounded by
fibrous, sometimes hyalinized stroma [35]. Bile
duct micro-hamartomas can be associated with
congenital hepatic fibrosis, Caroli disease, and
autosomal dominant polycystic hepatorenal dis-
ease. Bile duct micro-hamartomas appear as
innumerable, well-circumscribed hyperechoic or
hypoechoic tiny nodules scattered in the liver
parenchyma. Most BDMHs are <5 mm and do
not tend to exceed 10 mm. A “comet tail” sign
and posterior acoustic enhancement may be seen.
Bile duct adenomas (BDAs) are composed of a
proliferation of tightly packed small ductules
with inapparent lumens lined by cuboidal epithe-
lium. The ductules of BDA have small lumens
and do not contain intraluminal secretions or

On the contrast-enhanced ultrasound, the septation (arrow)
enhances and remains isoenhancing to the liver on all phases,
with the cystic component of the lesion well demarcated

bile-like dilatated channels of BDMH. On gray-
scale US, they are small (diameter <10 mm),
solid well-circumscribed, usually hypoechoic
lesions which predominantly present at the sub-
scapular location. There is no data concerning
pediatric CEUS appearance of BDMH or
BDA. The reports about CEUS enhancement
from adult populations are ambiguous, probably
a consequence of mixing these two entities.
Based on the histological appearances of the
lesions, the authors suggest that BDMHs do not
show enhancement in any phase whereas BDAs
have a rapid wash-in with hyperenhancement
during the arterial phase with wash-out during
the portal venous phase and hypo-enhancement
during late portal venous phase [36-38].

8.5 Malignant Focal Liver

Lesions

Malignant FLL can be divided into primary and
secondary. A primary hepatic malignancy in a child
is rare and occurs more commonly in children pre-
disposed by the presence of underlying medical
conditions. Benign liver lesions, such as hepatic
adenoma and dysplastic nodules, may also undergo
malignant transformation. Malignant FLL can
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have variable appearances on grayscale US, over-
lapping with benign lesions. The hallmark of a
malignant hepatic lesion on CEUS is UCA wash-
out during the portal venous and late portal venous
phase [20]. The dynamic enhancement patterns
together with the clinical information will help to
narrow down the differential diagnosis.

8.5.1 Hepatoblastoma

Hepatoblastoma is the most common primary
malignant tumor in children accounting for 60%

of all cases, and more than 90% of malignant
hepatic tumors occurring in children under the
age of 5 years are hepatoblastoma [39], mostly
occurring sporadically. The alpha-fetoprotein is
markedly elevated in the majority of the cases.
The presence of cystic areas, calcification, and
necrosis in hepatoblastoma can differentiate
these tumors from hepatocellular carcinoma. On
grayscale US, a hepatoblastoma is a solid mass
with heterogeneous echogenicity. On CEUS,
hepatoblastoma shows arterial phase hyperen-
hancement and rapid early contrast washout
(Fig. 8.12) [40].

Fig. 8.12 Hepatoblastoma in a 2-year-old girl. (a)
Grayscale ultrasound shows a large solid slightly
hypoechoic mass in the right lobe of the liver (arrow),
with no evidence of underlying parenchymal liver abnor-
mality. (b) On contrast-enhanced ultrasound examination,

the early arterial phase demonstrates avid patchy enhance-
ment of the lesion (arrow). (¢) In the portal venous phase,
there is a washout, demarcating the lesion (arrow) against
the normal contrast retention in the background liver
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8.5.2 Hepatocellular Carcinoma

Pediatric hepatocellular carcinoma (HCC) often
occurs in children with underlying liver disease
including hepatitis B virus infection, metabolic dis-
orders such as tyrosinemia, glycogen storage dis-
ease, congenital portosystemic shunts, long-standing
hepatic venous tract outflow obstruction [41]. An
HCC can also occur in children with no known
underlying liver disease, either sporadically or in
children with genetic cancer syndromes. An HCC is
the second most common primary hepatic malig-
nancy in children. On a CEUS examination, an HCC
will demonstrate characteristic enhancement pat-
terns, with ancillary features on the CEUS which
have been described according to CEUS Liver
Imaging Reporting and Data System (LI-RADS) in
the adult population [42]. In children, although there

are limited studies, similar enhancement patterns
have been observed [18]. The HCC will show hyper-
enhancement without any rim-like enhancement,
peripheral discontinuous nodular morphology on the
arterial phase imaging between 10-20 and 3045 s
after the UCA injection. Washout in an HCC tends
to be mild and late-onset compared to a hepatoblas-
toma (Fig. 8.13). Malignant transformation from
dysplastic nodules should be suspected when these
nodules show washout or display threshold growth
in comparison to the previous examination.

8.5.3 Undifferentiated Embryonal
Sarcoma

Undifferentiated embryonal sarcoma (UES) is a
rare aggressive hepatic mesenchymal tumor that

Fig. 8.13 Hepatocellular carcinoma in a 16-year-old
female with a diagnosis of autoimmune hepatitis. (a)
Grayscale ultrasound shows multiple hyperechoic nod-
ules (arrows and arrowheads) within the right liver. (b) On

contrast-enhanced ultrasound the large hyperechoic lesion
(arrow) shows hyperenhancement on the early arterial
phase, at 23 s. (¢) On the late portal venous phase at 202 s
the lesion demonstrates washout (arrow)
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often has metastases to the lung, peritoneum, and
pleura [43]. An UES exhibits no gender predilec-
tion and the majority occur in children aged
6-10 years [44]. They are typically large tumors
(diameter >10 cm) and intralesional hemorrhage,
necrosis, and cystic degeneration are often present.
The pre-operative diagnosis of UES is challenging
due to lack of specific imaging findings, serologi-
cal markers, and the rarity of the disease. The
appearances of misleading cystic appearances on

-
-

LIVER_

Fig. 8.14 Embryonal sarcoma in a 10-year-old female
presenting with abdominal pain. (a) The grayscale ultra-
sound demonstrates a well-circumscribed, thick-walled
partially cystic lesion within the right liver (arrow). (b) On
the contrast-enhanced ultrasound, in the early arterial
phase at 20 s, the solid component of the mass (arrows)
shows lower enhancement compared to the background

CT and MR imaging can misdiagnose them as
benign hydatid disease [45]. In distinction, gray-
scale US often shows more accurately the internal
solid nature of the lesion with areas of small
anechoic spaces. Discrepant finding between CT
and US imaging is a recognized diagnostic feature
[4648] for UES. An UES is a hypo-vascular
tumor on angiography [40, 49]. On CEUS, the
UES demonstrates peripheral rim enhancement
representing fibrous pseudo-capsule (Fig. 8.14).

LIVER_

liver. (¢) In the mid portal venous phase at 86 s, there is a
differential enhancement of the lesion wall (arrows), with
washout appearing on the anterior wall (arrows). (d) In the
late portal venous phase at 201 s, this washout is more
obvious (arrows) in comparison to the surrounding nor-
mal liver, particularly at the anterior surface
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The internal architecture of the tumor shows little
or no enhancement during the arterial phase, but
heterogeneous internal nodular enhancement dur-
ing the portal venous and late phase with the rim of
the lesion showing faint washout [40].

8.5.4 Rhabdomyosarcoma

Rhabdomyosarcoma (RMS) is the most common
childhood soft tissue sarcoma. The majority of
RMS occurs in the head and neck (35-40%),
genitourinary tract (25%), and limb extremities
(20%) [50]. Although it only accounts for 1% of
all RMS, an RMS is the most common pediatric

tumor of the biliary tree. A hilar mass with asso-
ciated biliary duct dilatation is a typical finding.
RMS can also metastases to the liver surface
[50]. Primary hepatic RMS is extremely rare with
approximately 20 cases reported in the literature
[51, 52] and they often appear as large cystic and
solid masses, which may be associated with
tumor rupture or hemorrhage. On grayscale US,
the RMS is a well-defined solid irregular mass
with heterogeneous echogenicity. The RMS
shows non-specific imaging features on CEUS,
with similar appearances to other hepatic malig-
nancy demonstrating early portal venous phase
washout, but with a variable arterial enhancement
pattern on CEUS (Fig. 8.15) [40]. Another very

Fig.8.15 Primitive germ cell tumor of the biliary tree in
a 10-year-old female. (a) Grayscale ultrasound shows a
well-circumscribed lesion (arrow) extending into the
common hepatic duct with associated intrahepatic duct
dilatation (arrowheads). (b) On the contrast-enhanced
ultrasound, in the arterial phase at 17 s, the lesion shows
patchy internal enhancement (arrow). (¢) On the contrast-

enhanced ultrasound, in the early portal venous phase, at
48 s, there is less enhancement in the lesion (arrow) in
comparison to background normal liver. (d) On the
contrast-enhanced ultrasound, in the late portal venous
phase, at 90 s, there is washout appreciated in the lesion
(arrow) in comparison to background normal liver
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rare tumor of the biliary tree is a primitive germ
cell tumor, which will cause biliary duct dilata-
tion and demonstrates washout in the portal
venous phase, indistinguishable from an RMS
(Fig. 8.15).

8.5.5 HepaticLymphoma

Primary hepatic lymphoma (PHL) is rare and
accounts for <1% of the presentation of non-
Hodgkin lymphoma. Primary hepatic lymphoma
most commonly appears as a discrete FLL but
can also demonstrate a diffuse infiltrative pattern
within the liver or as multiple ill-defined masses
at porta hepatis [53]. Multiple hepatic masses or
diffuse infiltrative pattern are more common in
secondary hepatic lymphoma and is seen with
post-transplant lymphoproliferative disease. In
PHL, there tends to be a dominant lesion within
the liver which is not evident in secondary hepatic
lymphoma which presents with multiple focal

Fig. 8.16 Hepatic lymphoma in a 46-year-old female
with HIV. (a) Grayscale ultrasound demonstrates an ill-
defined irregular hypoechoic lesion (arrow) within the
right liver. (b) On contrast-enhanced ultrasound, on the
arterial phase at 15 s, the lesion (arrow) shows hyperen-

lesions. A miliary pattern with numerous small
nodules scattered throughout the liver is seen in
10% of Hodgkin lymphoma and secondary non-
Hodgkin lymphoma of the liver [54]. On gray-
scale US, these focal hepatic lesions are
hypoechoic without posterior acoustic enhance-
ment. They may have a central hyperechoic area
giving a “target” appearance. On CEUS, arterial
hyper, iso, and hypo-enhancement has been dem-
onstrated, but almost all of the lesions investi-
gated were hypo-enhancing compared to the
background liver during portal venous and late-
phase imaging (Fig. 8.16) [55]. On CT imaging
these lesions are typically hypo-attenuated on all
phases [53].

8.5.6 Hepatic Metastasis

Hepatic metastases are usually from solid primary
tumors in children, commonly from neuroblas-
toma (NB) or a Wilms’ tumor. Other tumors that

hancement. (¢) On contrast-enhanced ultrasound, on the
early portal venous phase at 60 s, there is rapid washout
with a distinct “feathery” pattern of vascular change
within the lesion
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Fig.8.16 (continued)

LIVER

Fig. 8.17 Neuroendocrine metastasis in a 10-year-old
male with an underlying pancreatic insulinoma. (a)
Grayscale ultrasound shows a hyperechoic nodule (arrow)
within a heterogeneous right liver lobe. (b) On the

metastasize to the liver include germ cell tumors,
osteosarcoma, and neuroendocrine tumors. Stage
4S NB can present with multiple ill-defined nod-
ules or diffuse liver involvement, whereas stage 4
NB disease involving the liver usually presents
with multiple discrete lesions. The appearances of
hepatic metastasis are expected to mimic those in
adulthood. On grayscale US, they are found to be
predominantly hypoechoic (63.8%) and hyper-
echoic (28.3%); isoechoic (5.8%) and non-echoic
metastasis (0.4%) and mixed echogenicity (1.7%)
are rare [56]. On CEUS the majority of these
metastases show diffuse homogenous hyperen-
hancement (55.4%) or rim-like hyperenhancement
(33.3%) during the arterial phase. The vast major-
ity, 99% of the lesions demonstrate washout occur-
ring rapidly during the portal venous phase (97%)
rather than with a delayed washout (2%). Hyper-
vascular metastasis shows a significant longer
washout time compared to hypo-vascular metasta-
ses (Fig. 8.17) [56].

A number of very rare malignant tumors are
also found in children and include, cholangiocar-
cinoma (Fig. 8.18), combined HCC-

contrast-enhanced ultrasound, the arterial phase at 15 s
demonstrates hyperenhancement (arrow). (¢) On the
contrast-enhanced ultrasound, washout out of the lesion
(arrow) on the late portal venous phase at 120 s
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Fig.8.17 (continued)

Fig. 8.18 Liver cholangiocarcinoma in a 16-year-old
child. (a) Computed tomography in the venous phase
shows multiple hypoechoic lesions in the liver. (b)
Grayscale ultrasound demonstrates heterogeneous echo-
genicity within the liver. (¢) The contrast-enhanced ultra-

sound examination demonstrates rapid peripheral and
heterogeneous central hypoenhancement of the lesion on
the arterial phase at 23 s. (d) The contrast-enhanced ultra-
sound examination demonstrates washout of during the
late portal venous phase at 137 s



82

M. Piskunowicz et al.

Fig.8.18 (continued)

cholangiocarcinoma, fibrolamellar hepatocellular
carcinoma, angiosarcoma, and epithelioid heman-
gioendothelioma [57].

8.6  Conclusion

The presence of an FLL found inadvertently in
the child on an US examination can often be an
anxious time for the parents, and presents a
diagnostic dilemma for the referring clinical
team. If there is underlying chronic liver dis-
ease, a known risk factor or an established pri-
mary tumor elsewhere, the clinical management
and the imaging strategy are different from the
finding of an FLL in an otherwise healthy child.
The ability to undergo a CEUS examination, to
safely and accurately characterize the FLL is
immense to alleviate the anxiety of the parents
and to allow subsequent appropriate clinical
management. The introduction of CEUS in the
assessment of an FLL in the child has implica-
tions for future imaging strategies and will be
beneficial to the child reducing the need for MR
and CT imaging.
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Abbreviations

CEUS Contrast-enhanced ultrasonography

EBV  Epstein—Barr virus

GVHD  Graft versus host disease

PTLD Post-transplant lymphoproliferative
disease

RI Resistive indices

UCA  Ultrasound contrast-agent

UsS Ultrasonography

9.1 Introduction

In the assessment before, during, and after solid
organ and stem cell transplantation in children,
ultrasonography (US) is the first-line imaging
modality, especially in liver and kidney
transplantation.

Doppler Sonography is used for confirma-
tion of vessel patency and diagnosis of vessel
pathologies like stenoses, arterio-venous-fistu-
las, or aneurysms. In some cases, however, it
can be very troublesome even for an experi-
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enced investigator to find the hepatic artery in
a complex liver transplantation or the artery
after renal transplantation. The inability to
identify the artery, a crucial finding, is one of
the indications for contrast-enhanced ultraso-
nography (CEUS); Table 9.1. CEUS has the
advantage of being available and applicable at
any location, including the operating theater or
the bedside in the bone marrow transplant
patient, and pertinently in the intensive care
unit with the very sick patient. CEUS is repeat-
able, cost-effective and, especially in children,
safe. Most importantly, CEUS has the potential
to reduce the overall radiation burden in chil-
dren [1], which is of special impact in the field
of pediatric transplantation as these children
will already have an overall increased malig-
nancy risk due to immunosuppression and
underlying disease.

Furthermore, CEUS can be of help in pre-,
peri-, and post-transplant complications includ-
ing perfusion abnormalities, systemic infections,
abscesses, or secondary malignancy, most com-
monly post-transplantation lymphoproliferative
disorder (PTLD).

No imaging modality has the ability to diag-
nose allograft rejection or calcineurin inhibitor
toxicity, but imaging can exclude or identify
other complications in the differential diagnosis
for rejection or transplant malfunction such as
biliary or urinary obstruction, bilioma or impaired
vessel patency. Ultrasound is routinely performed
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Table 9.1 Indications for CEUS in

transplantation

pediatric

Vascular

Patency of vessels

Arterio venous-fistulas

Infarction

Pseudoaneurysm

Transplant renal artery stenosis

Non-vascular

Unclear masses

Unclear focal solid organ lesions

Complicated cysts

Abscess

Intra-cavitary CEUS (biliary system, vesicoureteral
reflux, leakage, the position of drainage catheters)

as the initial screening imaging modality for the
detection and follow-up of both early and delayed
complications.

9.2 Liver Transplantation
Liver transplantation is performed for a variety of
benign and malignant conditions of the liver and
biliary system in children. The most common
cause in infants is biliary atresia, followed by
metabolic diseases and other conditions includ-
ing hepatoblastoma. Depending on the donor-
recipient graft size match, whole-organ grafts as
well as right or left split liver grafts are trans-
planted from deceased donors. Living donated
liver transplants in children are in the majority of
cases left lateral segments (segments II and IIT)
and only very exceptionally a right liver lobe.
The early detection and treatment of postopera-
tive complications have contributed significantly
to improved graft and patient survival with reli-
able imaging playing a critical role [2-5].
Complications after liver transplantation may
be distinguished in vascular and nonvascular.
Early and correct diagnosis is of critical impor-
tance [4, 6-9]. Vascular complications include
stenosis and thrombosis of the hepatic artery,
portal vein, inferior vena cava or hepatic veins,
hepatic artery pseudoaneurysm, and arteriove-
nous fistulae [5, 10].

Hepatic artery thrombosis is the most signifi-
cant complication as it is usually associated
with graft failure due to biliary complications
and early development of secondary biliary cir-
rhosis as the bile ducts are solely supplied by
the hepatic artery. Mostly, hepatic artery throm-
bosis occurs in the early postoperative phase.
Due to the small vessel size in infants and pos-
sible anatomical variations, for example, in het-
erotaxy syndromes, the occurrence of hepatic
artery thrombosis is high with an estimated inci-
dence of 2-12% [9].

Post-operative Doppler US has high sensitiv-
ity and specificity for the detection of hepatic
artery thrombosis, but the inability to depict very
low flow in a patent hepatic artery due to either a
post stenotic tardus parvus pattern, an overlaying
turbulent portal vein or reduced cardiocirculatory
perfusion remains a challenge [11-14]. CEUS
can ensure the diagnosis of patency in the hepatic
artery in questionable cases (Fig. 9.1a, b).

CEUS is a safe, non-invasive and rapid tool to
detect potential complications and to enable early
intervention following liver transplantation.
When necessary CEUS has been used off-label
for identifying circulatory complications after
liver transplantation in children [2, 3].

Cho et al. investigated the influence of ultra-
sound contrast agents (UCA) on spectral Doppler
analysis in liver transplantation recipients. The
measured velocities of graft hepatic vessels
tended to increase after administration of UCA,
but without statistical significance. The compari-
son of serial Doppler parameters with or without
injection of UCA is valid during Doppler surveil-
lance in liver transplantation recipients [15].

Portal vein thrombosis occurs in about 3% and
is characterizes by a filling defect on B-mode,
Doppler, or CEUS in the case of a partial throm-
bosis or a complete lack of enhancement in
occlusion of the portal vein stem or the intrahe-
patic branches.

Thrombosis of the inferior vena cava or the
hepatic veins is rarer than stenosis of the anasto-
motic sites, in our experience.
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Fig.9.1 (a) CEUS in a liver transplant patient (left lateral
split liver) on the first day after the operation with question-
able patency of the hepatic artery. Depiction of the hepatic

9.2.1

Biliary and other nonvascular
complications

The biliary anastomoses are performed between
the donor and recipient common bile duct in full-
size liver transplantations and right lobe liver

artery 10 s post injection (arrows). The portal venous bed is
still not enhancing. (b) Enhancement of the portal vein
(arrows) and liver parenchyma 19 s post-injection

transplantations. In a left lateral split liver lobe
transplantation, a Roux-Y hepatojejunostomy is
performed. The gallbladder is always removed
during transplantation. Biliary complications
occur in about 10% and are usually seen in the
early postoperative period (within in the first 3
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Fig.9.2 Chologenic liver abscesses following an episode
of severe cholangitis in a 14-year-old boy 7 years after left
lateral split liver transplantation with Roux-Y-
hepatojejunostomy. (a) B mode US imaging shows a
broadened and inhomogeneous periportal area and dilated
bile ducts (arrow). (b) Color Doppler US demonstrates

months), but may also present later due to recur-
rent cholangitis or inflammatory stenosis of the
biliary system.

Biliary complications include obstruction due
to anastomotic and non-anastomotic strictures,
bile leak with biloma formation, recurrence of
the primary disease (e.g., primary sclerosing
cholangitis), infection, abscess formation, and

that the portal vein and the hepatic artery are patent, with
a focal area of altered reflectivity adjacent to the portal
vein (arrows). (¢) Contrast-enhanced ultrasonography
(CEUS) demonstrates the real extent of the hepatic
abscesses in association with the biliary tree, as intrahe-
patic areas of non-enhancement (arrows)

development of intraductal stones (Fig. 9.2a—c).
Peri-hepatic leaks (biloma) are often located
along the resection site in split liver transplants.
These bilomas may require an US-guided drain-
age or may resolve spontaneously.

Other complications are post-operative peri-
hepatic fluid collections, which may be hema-
toma, seroma, or biloma.
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More rare complications are abscesses due to
cholangitis or systemic infections and post-
transplant lymphoproliferative disease (PTLD).

Contrast-enhanced ultrasound may be useful
in delineating non-vascularized areas, such as
bile duct dilatation, biloma, or an abscess cavity
considered for potential aspiration or catheter
drainage.

9.3  Kidney transplanation

Similar to liver transplantation, early vascular
complications in infants and young pediatric
patients are more frequent than in adults
because of the small vessel diameters [16].
Therefore, in small children, anastomosis of
the donor renal artery and vein is usually per-
formed with the recipient’s aorta and inferior
vena cava or common iliac vein. CEUS has a
promising role in early and late imaging of
vascular complications after renal transplanta-
tions such as thrombosis of renal vessels,
patency of polar arteries, arteriovenous fistu-
las, pseudoaneurysm, renal artery stenosis, as
well as in the characterization of indeterminate
renal masses.

The lack of nephrotoxicity is a particular
advantage in CEUS, particularly relevant in renal
transplant patients.

After injection of UCA, three phases of
enhancement are distinguished:

1. The cortical phase starts 8—14 s after UCA
injection with initial intense enhancement in
the renal cortex.

2. The medullary phase follows the cortical
phase UCA enhancement, progressing from
the outer to the inner aspects of the renal
medullae.

3. In the late phase, UCA will disappear first
from the medullae, later from the cortex. Due
to the high renal perfusion, the transit time
between renal artery enhancement and UCA

arrival in the renal vein is very short, often in
2-3 s [17].

CEUS has been shown to be superior to
Doppler US in the detection of renal artery steno-
sis, which is not unusual following renal trans-
plantation, with an incidence of 5-10% [18].
With Doppler US, a high resistive index (RI) is
associated with vascular complications. CEUS
however reveals information about kidney
allograft microvascular perfusion independent of
the recipient’s vascular compliance and may pre-
dict long-term allograft function [19, 20].

In children with delayed allograft function,
vascular causes can be ruled out by Doppler US
or if remaining uncertain, the addition of CEUS
may help.

A frequent nonvascular complication after
renal transplantation is pyelonephritis often asso-
ciated with a clinical course of urosepsis, which
max results in renal abscess formation (Fig. 9.3a—
c¢). Contrast-enhanced ultrasound may help to
delineate the abscess borders, and allow for per-
cutaneous drainage.

9.4  Special indications and so on

9.4.1 Intra-Cavity CEUS

Intra-cavity CEUS can be performed in the same
way as cholangiography via T-tube or naso-
biliary line following liver transplantation [21].
Other indications for intra-cavitary CEUS include
investigations for vesicoureteral reflux or urinary
leakage after renal transplantation via a suprapu-
bic or transurethral catheter. Furthermore, it is
easy to control the position of drainage catheters
using intra-cavitary CEUS. For all intra-cavitary
investigations, only a very tiny amount of UCA
diluted in sterile saline solution is necessary. It is
important to use sterile solutions contained in
plastic and not glass bottles, as glass can cause
deactivation of the microbubbles.
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Fig. 9.3 (a) B-mode US image of a second renal trans-
plant in the left fossa iliaca in a 12-year old boy with pre-
vious obstructive uropathy secondary to posterior urethral
valves. On the first day of acute hospital admission with
high fever, low blood pressure, and an overall poor clini-
cal state. The US shows a massively increased total renal
volume, swollen ureteral wall (arrowhead), and a hyper-
echoic ill-defined mass on the medial part of the kidney

Gastrointestinal Graft Versus
Host Disease (GvHD) After
Stem Cell Transplantation

9.5

Acute gastrointestinal graft-versus-host disease
(GvHD) is a life-threatening complication in
patients after allogeneic stem cell transplanta-
tion. Weber et al. [22] suggested a score that

(arrows). (b) A color Doppler ultrasound image demon-
strates an area of suspected decreased vascularization in
the medial area (arrows) of an assumed renal transplant

abscess. (c¢) Contrast-enhanced ultrasound (CEUS)
reveals a roundish hypo-enhanced area of an early trans-
plant abscess (arrows) and a markedly thickened hypoen-
hancing ureter (arrowhead) in the boy with transplant
urosepsis

comprised morphological and vascular changes
using B-mode and Doppler sonography,
changes of mural stiffness using compound
elastography and dynamic microvasculariza-
tion using CEUS. Contrast-enhanced ultra-
sound was found to be a promising, non-invasive
tool for the diagnosis of acute gastrointestinal
GvHD, Fig. 9.4a—c.
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Fig. 9.4 Graft versus host disease (GVHD) of the small
bowel. (a) Three-year-old boy with sickle-cell disease, 4
weeks following stem cell transplantation, presenting with
profuse bloody diarrhea, inability to eat or drink, vomiting,
and recurrent colicky abdominal pain. B mode US imaging
demonstrates segmental small bowel wall thickening
(arrow), increased echogenic reactivity of the fat surround-
ing the small bowel (“creeping fat,” arrowhead), and bowel
dilatation secondary to an increase in watery contents. (b)
Contrast-enhanced ultrasound of the same segment of small
bowel demonstrates patchy hyper-enhancement in the

thickened segments, with wall thickening (arrow). The
neighboring small bowel segments without wall thickening
or hyperenhancement, but marked dilatation is also delin-
eated (arrowheads). (¢) Diagnosis of segmental inflamma-
tory stenosis with marked dilatation of the proximal small
bowel segment is much easier using CEUS compared to
B-Mode US imaging (arrow). Inflammatory bowel stenosis
can be distinguished from fibrotic stenosis by the presence
of hyperenhancement of the stenotic bowel segment.
Therefore, immunosuppressive and photopheresis treat-
ment was continued
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Fig. 9.4 (continued)

9.6 Post-Transplant
Lymphoproliferative Disease

(PTLD)

Post-transplant ~ lymphoproliferative  disease
(PTLD) is a heterogeneous, potentially life-
threatening condition, which shows a higher
prevalence in children than in adults: the reported
incidence after pediatric renal transplantation is
1-4% [16]. Early onset (<1 year post-
transplantation) is common in young, Epstein—
Barr virus (EBV), seronegative children during
the high-dose immunosuppression phase of treat-
ment and an EBV donor-recipient mismatch,
resulting in an early high EBV viral load. PTLD
treatment includes a reduction or even with-
drawal of immunosuppressive therapy during
chemotherapy and/or rituximab [23, 24]. PTLD
location is frequently reported to be extranodal
(81.3%) and mostly involved the gastrointestinal
tract (68.8%) [25]. However, even a PTLD mass
within a transplanted kidney has been described.
After administration of UCA, the mass enhanced
but with a persistent hypo enhancement through-
out the examination [26]. PTLD may also be
diagnosed in hyperplastic tonsils. During the
therapy of PTLD, the possibility of acute or

chronic rejection and even graft failure should
have to be kept in mind [25].

References

1. Sidhu PS, Cantisani V, Deganello A, Dietrich CF,
Duran C, Franke D, Harkanyi Z, Kosiak W, Miele
V, Ntoulia A, Piskunowicz M, Sellars ME, Gilja
OH. Role of contrast-enhanced ultrasound (CEUS)
in paediatric practice: an EFSUMB position state-
ment. Ultraschall Med. 2017;38(1):33—43. https://doi.
org/10.1055/s-0042-110394. Epub 2016 Jul 14.

2. Teegen EM, Denecke T, Eisele R, Lojewski C,
Neuhaus P, Chopra SS. Clinical application of
modern ultrasound techniques after liver transplan-
tation. Acta Radiol. 2016;57(10):1161-70. https://
doi.org/10.1177/0284185116633910. Epub 2016
Feb 27.

3. Torres A, Koskinen SK, Gijertsen H, Fischler
B. Clinical application of modern ultrasound tech-
niques after liver transplantation. Contrast-enhanced
ultrasound for identifying circulatory complications
after liver transplants in children. Pediatr Transplant.
2019;23(1):e13327. https://doi.org/10.1111/
petr.13327. Epub 2018 Dec 7.

4. Bonini G, Pezzotta G, Morzenti C, Agazzi R, Nani
R. Contrast-enhanced ultrasound with SonoVue in
the evaluation of postoperative complications in
pediatric liver transplant recipients. J Ultrasound.
2007;10(2):99-106. https://doi.org/10.1016/].
jus.2007.02.008. Epub 2007 Jun 13.


https://doi.org/10.1055/s-0042-110394
https://doi.org/10.1055/s-0042-110394
https://doi.org/10.1177/0284185116633910
https://doi.org/10.1177/0284185116633910
https://doi.org/10.1111/petr.13327
https://doi.org/10.1111/petr.13327
https://doi.org/10.1016/j.jus.2007.02.008
https://doi.org/10.1016/j.jus.2007.02.008

Pediatric Contrast-Enhanced Ultrasonography (CEUS): Pediatric Transplantation

93

11.

12.

13.

14.

15.

16.

17.

. Itri JN, Heller MT, Tublin ME. Hepatic transplanta-

tion: postoperative complications. Abdom Imaging.
2013;38(6):1300-33. https://doi.org/10.1007/
500261-013-0002-z.

. Camacho JC, Coursey-Moreno C, Telleria JC,

Aguirre DA, Torres WE, Mittal PK. Nonvascular
post-liver transplantation complications: from US
screening to cross-sectional and interventional imag-
ing. Radiographics. 2015;35(1):87-104. https://doi.
org/10.1148/rg.351130023.

.Ma L, Lu Q, Luo Y. Vascular complications after

adult living donor liver transplantation: evalua-
tion with ultrasonography. World J Gastroenterol.
2016;22(4):1617-26. https://doi.org/10.3748/wjg.
v22.i4.1617.

. Ren J, Wu T, Zheng BW, Tan YY, Zheng RQ, Chen

GH. Application of contrast-enhanced ultrasound
after liver transplantation: current status and perspec-
tives. World J Gastroenterol. 2016;22(4):1607-16.
https://doi.org/10.3748/wjg.v22.i14.1607.

. Singh AK, Nachiappan AC, Verma HA, et al.

Postoperative imaging in liver transplantation:
what radiologists should know. Radiographics.
2010;30(2):339. https://doi.org/10.1148/
rg.302095124.

.Luo Y, Fan YT, Lu Q, Li B, Wen TF, Zhang

ZW. CEUS: a new imaging approach for postoperative
vascular complications after right-lobe LDLT. World J
Gastroenterol. 2009;15(29):3670-5.

Abdelaziz O, Attia H. Doppler ultrasonography in
living donor liver transplantation recipients: intra-
and post-operative vascular complications. World
J Gastroenterol. 2016;22(27):6145-72. https://doi.
org/10.3748/wjg.v22.i127.6145.

Hom BK, Shrestha R, Palmer SL, et al. Prospective
evaluation of vascular complications after liver
transplantation: comparison of conventional and
microbubble contrast-enhanced US. Radiology.
2006;241(1):267-74.

Lee SJ, Kim KW, Kim SY, et al. Contrast-enhanced
sonography for screening of vascular complication
in recipients following living donor liver transplanta-
tion. J Clin Ultrasound. 2013;41(5):305-12. https://
doi.org/10.1002/jcu.22044.

Berry JD, Sidhu PS. Microbubble contrast-enhanced
ultrasound in liver transplantation. Eur Radiol.
2004;14(Suppl 8):P96-103.

Cho YS, Kim KW, Jang HY, Kim BH, Lee J, Song
GW, Lee SG, Munkhbaatar D. Influence of ultra-
sound contrast agents on spectral Doppler analy-
sis in recipients of liver transplantation. Clin Mol
Hepatol. 2017;23(3):224-9. https://doi.org/10.3350/
c¢mh.2016.0064. Epub 2017 Jul 4.

Nixon JN, Biyyam DR, Stanescu L, Phillips GS,
Finn LS, Parisi MT. Imaging of pediatric renal trans-
plants and their complications: a pictorial review.
Radiographics.  2013;33(5):1227-51.  https://doi.
org/10.1148/rg.335125150.

Weskott H-P. Kidney. In: Weskott H-P, editor.
Contrast-enhanced ultrasound. 2nd ed. Bremen: UNI-
MED Science; 2013. p. 152-4.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Pan FS, Liu M, Luo J, Tian WS, Liang JY, Xu M,
Zheng YL, Xie XY. Transplant renal artery stenosis:
evaluation with contrast-enhanced ultrasound. Eur
J Radiol. 2017;90:42-9. https://doi.org/10.1016/].
ejrad.2017.02.031. Epub 2017 Feb.

Schwenger V, Hankel V, Seckinger J, Macher-
Goppinger S, Morath C, Zeisbrich M, Zeier M,
Kihm LP. Contrast-enhanced ultrasonography in
the early period after kidney transplantation pre-
dicts long-term allograft function. Transplant Proc.
2014;46(10):3352-7. https://doi.org/10.1016/j.
transproceed.2014.04.013.

Zeisbrich M, Kihm LP, Driischler F, Zeier M,
Schwenger V. When is contrast-enhanced sonography
preferable over conventional ultrasound combined
with Doppler imaging in renal transplantation? Clin
Kidney J. 2015;8(5):606—14. https://doi.org/10.1093/
ckj/stv070. Epub 2015 Aug 8.

Chopra SS, Eisele R, Stelter L, Seehofer D, Grieser C,
Warnick P, Denecke T. Contrast enhanced ultrasound
cholangiography via T-tube following liver transplan-
tation. Ann Transplant. 2012;17(4):108-12.

Weber D, Weber M, Hippe K, Ghimire S, Wolff D,
Hahn J, Evert M, Herr W, Holler E, Jung EM. Non-
invasive diagnosis of acute intestinal graft-versus-host
disease by a new scoring system using ultrasound
morphology, compound elastography, and contrast-
enhanced ultrasound. Bone Marrow Transplant.
2018;54:1038.  https://doi.org/10.1038/s41409-018-
0381-4 [Epub ahead of print].

Simakachorn L, Tanpowpong P, Lertudomphonwanit
C, Anurathapan U, Pakakasama S, Hongeng S,
Treepongkaruna S, Phuapradit P. Various initial pre-
sentations of Epstein-Barr virus infection-associated
post-transplant lymphoproliferative disorder in pediat-
ric liver transplantation recipients: case series and liter-
ature review. Pediatr Transplant. 2019;23(2):e13357.
https://doi.org/10.1111/petr.13357. Epub 2019 Jan
20.

Mendogni P, Henchi S, Morlacchi LC, Tosi D, Nosotti
M, Tarsia P, Gregorini Al, Rosso L. Epstein-Barr
virus-related  post-transplant  lymphoproliferative
disorders in cystic fibrosis lung transplant recipients:
a case series. Transplant Proc. 2019;51(1):194-7.
https://doi.org/10.1016/j.transproceed.2018.05.032.
Epub 2018 Jun 30.

Hsu CT, Chang MH, Ho MC, Chang HH, Lu MY,
Jou ST, Ni YH, Chen HL, Hsu HY, Wu JE. Post-
transplantation lymphoproliferative disease in pediat-
ric liver recipients in Taiwan. J Formos Med Assoc.
2019;118:1537-45.  pii:  S0929-6646(18)30009-3.
https://doi.org/10.1016/j.jfma.2018.12.023 [Epub
ahead of print].

Lampe A, Duddalwar VA, Djaladat H, Aron M,
Gulati M. Contrast-enhanced ultrasound findings
of post-transplant lymphoproliferative disorder
in a transplanted kidney: a case report and litera-
ture review. J Radiol Case Rep. 2015;9(10):26-34.
https://doi.org/10.3941/jrcr.v9i10.2602. eCollection
2015 Oct.


https://doi.org/10.1007/s00261-013-0002-z
https://doi.org/10.1007/s00261-013-0002-z
https://doi.org/10.1148/rg.351130023
https://doi.org/10.1148/rg.351130023
https://doi.org/10.3748/wjg.v22.i4.1617
https://doi.org/10.3748/wjg.v22.i4.1617
https://doi.org/10.3748/wjg.v22.i4.1607
https://doi.org/10.1148/rg.302095124
https://doi.org/10.1148/rg.302095124
https://doi.org/10.3748/wjg.v22.i27.6145
https://doi.org/10.3748/wjg.v22.i27.6145
https://doi.org/10.1002/jcu.22044
https://doi.org/10.1002/jcu.22044
https://doi.org/10.3350/cmh.2016.0064
https://doi.org/10.3350/cmh.2016.0064
https://doi.org/10.1148/rg.335125150
https://doi.org/10.1148/rg.335125150
https://doi.org/10.1016/j.ejrad.2017.02.031
https://doi.org/10.1016/j.ejrad.2017.02.031
https://doi.org/10.1016/j.transproceed.2014.04.013
https://doi.org/10.1016/j.transproceed.2014.04.013
https://doi.org/10.1093/ckj/sfv070
https://doi.org/10.1093/ckj/sfv070
https://doi.org/10.1038/s41409-018-0381-4
https://doi.org/10.1038/s41409-018-0381-4
https://doi.org/10.1111/petr.13357
https://doi.org/10.1016/j.transproceed.2018.05.032
https://doi.org/10.1016/j.jfma.2018.12.023
https://doi.org/10.3941/jrcr.v9i10.2602

®

Check for
updates

Blunt Abdominal Trauma
in Children: Clinical Perspective

Erica Makin

10.1 Introduction

Trauma is the leading cause of death in children
aged more than 1 year in the United Kingdom.
The predominant cause of mortality is traumatic
brain injury. The highest case fatality rates are
seen in asphyxia (71%) followed closely by
drowning (58%). Approximately half (2 million)
of all pediatric attendances to the emergency
department in a year are due to an injury. Major
trauma in childhood is commonest within the
first year of life, the first 3 months of life having
the highest incidence of non-accidental injury
(accounting for 10% of all major trauma in child-
hood). Mortality due to isolated abdominal
trauma is <5%, but raises to 14% when seen in
conjunction with chest injuries, and again rising
to 20% when combined with head trauma (i.e.,
with polytrauma) [1].

10.2 Incidence

Significant intra-abdominal injury occurs in
approximately 12% of children admitted follow-
ing trauma. Isolated abdominal injury is common
in children (>60% cases) and has a low mortality
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at 2%, but when combined with head or thoracic
injury, the mortality rises steeply to 20% [1].

10.3 Etiology and Patterns
of Injury

Blunt force trauma is by far the commonest
modality of injury in children (90%). However,
this is skewed in areas of high interpersonal vio-
lence where penetrating trauma in children/ado-
lescents is rising and accounts for up to 27% of
all pediatric trauma victims. A detailed history of
the mechanism of injury is essential, including
accurate timelines. The commonest mechanism
of injury is road traffic collisions (RTC), at 40%
[1]. Table 10.1 highlights the distribution of the
mechanism of trauma in children. The highest
casualty rates in RTC are seen in pedestrians/
cyclists rather than children correctly restrained
within the vehicle. The possibility of non-
accidental injury should always be considered if
there is any inconsistency between the history
and the nature of the injuries sustained.

The anatomy of the child, including a large
head and pliable skeleton means that even rela-
tively minor degrees of force can result in sig-
nificant internal injury. Solid organs are more
vulnerable to the effects of blunt trauma in chil-
dren than in adults. Intra-abdominal organs are
more exposed due to a wider more rotund
abdominal cavity. The liver, spleen, and bladder
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Table 10.1 Mechanism of injury

Mechanism Incidence
Blunt Road traffic 40%
trauma collisions

Falls height <2 m 20%

Falls height >2 m 10%

Blunt assault 10%

Burns/scalds <5%

Asphyxia/drowning | <5%
Penetrating | Geographical <5-27%
trauma variation, London

highest

are proportionally less protected by the incom-
pletely ossified rib cage and lower pelvis than
in adults and therefore more at risk to injury.
Compression injuries (e.g., handlebar or seat-
belt injuries) can also result in intestinal perfo-
ration and pancreatic injury. Deceleration
forces from falls or RTC may cause mesenteric
or great vessel tears. Bladder and urethral inju-
ries are rare but may occur with pelvic trauma,
even in the absence of obvious fractures.
Abdominal injury in children <18 months of
age should raise suspicion of non-accidental
injury, particularly with latent pancreatic injury
presentations.

10.4 Staging and Grading
of Traumatic Injuries

Individual injuries are classified according to the
Abbreviated Injury Scale (AIS), which in turn
translates into an overall Injury Severity Score
(ISS), calculated as a value between 0 and 75. In
children, major trauma is classified as an ISS >15
and the most severely injured children will have
an ISS >25 [2]. A more detailed staging of injury
severity and prediction of outcome is the proba-
bility of survival (PS). The first version was
described in 1984 in the United States using a
Trauma Injury Severity Score (TRISS), calcu-
lated from the Revised Trauma Score, ISS, age,
and method of injury (blunt/penetrating). The
European model generated by the Trauma Audit
Research Network (TARN) in 2004 included
parameters of age, gender, ISS, and Glasgow

Coma Scale (GCS). This model has now been
recalibrated in 2019 (Ps19) to include co-
morbidities and true 30 day outcomes [3].

Solid organ injuries are classified according to
their grade based on radiological findings on ini-
tial computed tomography (CT) imaging. This
was developed by the American Association of
the Surgery of Trauma (AAST) in 1987. This
grading system has been used to guide non-
operative management (NOM) of blunt abdomi-
nal trauma for 20 years [4]. However, this
approach has not been adopted worldwide due to
concerns regarding the scarcity of post-injury
follow-up imaging.

10.5 Assessment and Damage
Control Resuscitation

10.5.1 Immediate Clinical

Physiological changes start to happen at the point
of trauma, resuscitation and management need to
be directed by this. The deadly triad of acidosis,
hypothermia, and coagulopathy begin immedi-
ately and the resulting acute traumatic coagulop-
athy can be fatal. Adult data demonstrate that if a
patient arrives in the emergency department
already coagulopathic, mortality is 40% within
the first 24 h. In trauma, hypovolemia secondary
to blood loss is the likely cause and so the prin-
ciple that the “first clot is the best clot” is para-
mount. The estimated circulating blood volume
of a child is 80 mL/kg. Recommendations are to
commence with 5 mL/kg fluid resuscitation, if
the child is obviously bleeding this should be
packed cells, if not then crystalloid can be used.
Any further fluid resuscitation should be in align-
ment with your hospital’s Major Hemorrhage
Protocol—i.e., packed cells, fresh frozen plasma
(FFP)/Octaplas in people under 18 years, which
is irradiated FFP and platelets in as close to a
1:1:1 ratio as possible. Tranexamic acid 15 mg/
kg within the first 3 h. Second dose tranexamic
acid considered after 8 h [5]. Once stabilized,
maintenance fluids should be given separately
and should include 5% dextrose (especially
important in infants).
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10.5.2 Investigations

An accurate history is essential as this may dic-
tate investigations, imaging, and treatment path-
ways as well as being crucial for safeguarding the
child. Careful examination (observation and re-
examination) is vital in assessing the possibility
of injury. Abnormal physiological parameters,
tenderness, bruising, or distension should be con-
sidered evidence of injury until proven otherwise.
Hematuria (microscopic or macroscopic) should
lead to further investigation of the urinary tract.
Pancreatic injuries may present late so an initial
amylase and lipase at time of presentation should
be requested although normal levels do not
exclude pancreatic injuries, it can however be
helpful as a serial marker for injury progression.

10.5.3 Radiological Imaging

The gold standard imaging for abdominal trauma
remains the contrast-enhanced CT (CECT) when
clinically indicated. However, due to increasing
concern regarding irradiation in children, guide-
lines from the Royal College Radiologists have
been drawn up to help minimize the use of CECT
in pediatric trauma [6]. Recent publications from
the Pediatric Emergency Care Applied Research
Network (PECARN) propose a predictive rule to
identify children with blunt abdominal trauma
who are at low risk for clinically important intra-
abdominal injury in whom CECT may be avoided
[7,8].

10.5.4 FAST Scan

Focused abdominal sonography for trauma
(FAST) was first described in adults in the early
1970s. Initially it was used to assess free fluid
within the abdomen (Morrison’s and splenorenal
pouch, pelvis) and, latterly extended to looking
for fluid in the pericardium and pleural cavity.
The primary goal of a FAST scan is to identify
free intra-peritoneal fluid, which is inferred as a
hemo-peritoneum and thus associated with an
intra-abdominal injury. The volume of free fluid

within the abdomen required for a positive FAST
is in the region of 400 mL [9].

It is recognized that the sensitivity of FAST in
detecting recognized that the sensitivity of FAST
in detecting intra-abdominal injury (IAI) is low,
ranging from 23% to 75% [10-13]. The specificity
is higher at 80-98% [12, 13], with marginal nega-
tive predictive values (0.50), which have lead the
majority to interpret a negative FAST scan as add-
ing little to the decision-making process for detect-
ing an intra-abdominal injury. The more worrying
consequence of this is that “missed” injuries on a
FAST scan may not be detected if not also subse-
quently screened for by conventional CECT. Taylor
and Sivit found that 37% of intra-abdominal inju-
ries were missed on FAST scan [14]. A negative
FAST scan may provide false reassurance and
should be viewed with caution. FAST scans are
currently seen as a “rule in” diagnostic tool. A
positive FAST scan is likely to infer significant
intra-abdominal injury IAI. Conversely, a positive
FAST scan may not always be indicative of bleed-
ing. Perhaps when faced with a hemodynamically
unstable child with a positive FAST scan, the pre-
sumption would be that there is ongoing active
bleeding requiring urgent intervention either with
interventional radiology or trauma laparotomy.
However, it must not be forgotten that hollow vis-
cus injuries can also occur and free fluid may be
the result of intestinal/biliary fluid within the
abdominal cavity. A recent randomized controlled
trial looking at the effectiveness of FAST scanning
on clinical care and outcomes did not support the
routine use of FAST scanning in the pediatric pop-
ulation in detecting an intra-abdominal injury [15].
However, the extended FAST scan (eFAST) also
looks at the pericardium and pleural cavity for
pericardial tamponade/assessment of cardiac con-
tractility. Ultrasound is useful in detecting and acts
as a guide to percutaneous chest drain insertion for
the treatment of hemo/pneumothoraces, and there-
fore should not be abandoned completely.

10.5.5 Clinical Management

Non-operative management can be achieved in
more than 90% of blunt abdominal trauma in
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children [16]. Since the publication of the
ATOMAC guidelines, most centers are moving
away from using the CECT grade of the injury
alone to dictate non-operative management pro-
tocols. A more physiological assessment to guide
length of stay, intensive care admission, and peri-
ods of bed rest is now recommended [17, 18].

10.6 Splenic Trauma

The mainstay for splenic trauma is non-opera-
tive management [19, 20]. Traditionally a sple-
nectomy would have been more common place
in managing high-grade splenic injuries in an
unstable patient. Upadhyaya and Simpson [21]
first reported their successful non-operative
management of pediatric splenic trauma in
1968. Pediatric practice has led the way in con-
servative management resulting in many more
children retaining splenic immunological func-
tion and therefore reducing the morbidity asso-
ciated with asplenism (Figs. 10.1 and 10.2). An
alternate approach to bleeding in the unstable
patient is splenic artery embolization
(Fig. 10.3). This has been shown to be safe and
has increased the success rate of non-operative
management of splenic trauma to 98% [22-24].
Recent guidelines from the UK TARN office
require the Major Trauma Centers to be able to
provide interventional radiology services for
pediatric trauma. Complications associated
with embolization include unwanted ischemia
resulting in functional asplenism, which can be
further complicated by abscess formation.
Other rare complications include post emboli-
zation syndrome, which comprises abdominal
pain, nausea, ileus, and fever. This is usually
self-limiting. Less frequent complications
include reactive pleural effusions, pneumonia,
and embolization coil migration [22, 24, 25]. If
embolization is unsuccessful and the patient
remains unstable then trauma laparotomy is
required. A total splenectomy may be required,
but if some splenic tissue can be preserved then
this is optimal.

Delayed complications that can occur include
pseudocyst formation, pseudoaneurysms,
abscesses, and delayed splenic rupture. Delayed
splenic rupture although rare is perhaps the most
severe with an incidence of up to 0.33%. This
tends to occur from 4 to 28 days post injury [19,
26] and is felt to be due to rupture of capsular
hematomas or pseudoaneurysms.

Pseudoaneurysms form following injury to an
arterial wall resulting in leakage of blood, usually
into a contained cavity (Figs. 10.1, 10.2, and
10.3). Communication with the arterial lumen is
maintained, but this produces a pressure cavity
with risk of life-threatening rupture. Studies
using Doppler ultrasound as screening for a pseu-
doaneurysm post trauma show a splenic PA inci-
dence of 5.4% [27]. Our institution routinely
screens for a pseudoaneury sms using contrast-
enhanced ultrasound at 5-7 days post injury. In
the splenic cohort, the incidence of a pseudoan-
eurysm is 9% [28]. It would appear from our
experience that a splenic pseudoaneurysm per-
haps does have a more indolent course, with only
one splenic pseudoaneurysm becoming symp-
tomatic and requiring embolization over a
10-year study period. In addition, asymptomatic
pseudoaneurysms (splenic and liver) appear to
thrombose/resolve at a median of 1.7 (0.7-4.9)
weeks post injury.

Fig. 10.1 Post-contrast CT examination performed dur-
ing the arterial phase on a 17-year-old boy following a
sports injury, shows a grade IV splenic traumatic lesion
with two pseudoaneurysms (arrows) at day 5 post injury
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Fig. 10.2 A CT examination performed during the arte-
rial phase on a 16-year-old boy with stabbing injuries. (a)
The CT demonstrates a grade IV splenic and renal (arrow-
head) lacerations with surrounding hematoma. There is

active hemorrhage from the splenic artery (arrow). (b)
The CT examination also indicates the stabbing entry
wound on the skin (arrow)

Fig. 10.3 The patient as in Fig. 10.2, is managed by
interventional radiology with digital subtraction angiogra-
phy and coil embolization. (a) Selective catherization of
the splenic artery, with angiography images confirming
active extravasation of contrast (arrows). (b) Selective coil
embolization of a lower pole branch of the splenic artery,

at multiple sites, was performed (arrows). (c¢) Post-
procedural angiography of the coeliac axis confirms satis-
factory embolization with cessation of hemorrhage, but
with preservation of the upper pole branch of the splenic
artery (arrow) with contrast blush of splenic preservation
(arrowhead)
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10.7 Liver Trauma

Injury to the liver occurs in up to 30% of blunt
abdominal trauma and in the most part can be
managed conservatively. The majority of cases
will have raised transaminases aspartate amino-
transferase (AST) and alanine aminotransferase
(ALT) on admission which are released from
damaged hepatocytes. There appears to be direct
correlation with grade of injury and level of
raised transaminases [29]. The gold standard
imaging for hepatic trauma at initial presentation
remains the CECT (Fig. 10.4). However, in cer-
tain cases of isolated abdominal trauma even if
the patient is hemo-dynamically unstable, CEUS
may be adequate. Similarly, as with splenic
trauma, if there is active bleeding at presentation
associated with physiological instability, then
embolization should be considered prior to
trauma laparotomy to reduce morbidity and
mortality.

It is important to be aware of the complica-
tions of liver trauma and to actively look for
them. With respect to a pseudoaneurysm, histori-
cally the incidence of hepatic PA was felt to be
low, at 1.7% when assessed using Doppler ultra-
sound techniques [27]. With the use of CEUS,
this incidence dramatically increases to 25% in

Fig. 10.4 A CT examination performed during the arte-
rial phase in a 16-year-old boy with multiple stabbing
injuries. The CT demonstrates a grade V liver laceration
with intrahepatic (short arrows) and subcapsular (long
arrows) hematomas. There is also a small pseudoaneu-
rysm of the hepatic artery (arrowhead)

liver trauma. In distinction to the splenic pseu-
doaneurysm, 40% of the liver pseudoaneurysms
became symptomatic at a median of 7 (3—11)
days post injury. These can be treated success-
fully with embolization with no deleterious
effects [28]. It is felt that liver pseudoaneurysms
are more volatile due to their occurrence deep
within the parenchyma, particularly when the
hepatic injury is related to the porta hepatis in
conjunction with a bile leak (Fig. 10.5).

The second commonest complication follow-
ing hepatic trauma is that of an intrahepatic
biloma, peritoneal bile leak, and hemobilia. The
mainstay of management of traumatic bile leaks
is with endoscopic retrograde cholangiopancrea-
tography (ERCP), transampullary biliary stenting
with or without intraperitoneal drainage of any
fluid  collection to  prevent infection.
Complications of stent migration and biliary duct
strictures can be managed successfully with
repeated stenting, endoscopic dilatation, or open
biliary reconstruction [30, 31].

10.8 Pancreatic Trauma

The incidence of pancreatic trauma is <2% and is
most commonly seen when the body of the pan-
creas is compressed against the spinal column,
most typically seen in handlebar injuries [32].
Diagnosis of pancreatic injuries can be challeng-
ing. Serum amylase/lipase is non-specific and
may not always be raised even in the presence of
ductal injury [33]. Due to the retroperitoneal
position of the pancreas ultrasound imaging can
difficult. A CEUS examination has been demon-
strated to detect pancreatic injuries, including
ductal injuries, but more detailed analysis is
achieved by CECT or magnetic resonance chol-
angiopancreatography (MRCP) to delineate duc-
tal anatomy [34]. Complications following
pancreatic trauma are usually associated with
ductal injury and include pseudocysts, fistula for-
mation, intraperitoneal fluid collections/infec-
tions, strictures, and pleural effusions. If
diagnosis and management are delayed, then the
morbidity and mortality may increase to as high
as 26% and 5%, respectively [35]. From personal
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Fig. 10.5 A 14-year-old girl who was kicked by a horse.
(a) An arterial phase CT examination reveals a grade 4
liver laceration (long arrows) with a large pseudoaneu-
rysm of the hepatic artery (arrowhead). (b) A CT coronal
maximum intensity projection (MIP) of the liver confirms
the presence of a pseudoaneurysm in segment 6 (arrow).

experience consideration of early (<48 h post
injury) distal pancreatectomy with or without an
early ERCP and transampullary stenting (within
7 days) appears to reduce the morbidity, increase
time to enteral feeds, and reduce length of hospi-
tal stay (Fig. 10.6).

10.9 Renal Trauma

Kidneys are at an increased risk of trauma in chil-
dren when compared to adults due to their lower
position within the abdominal cavity and less

(¢) The diagnostic arteriogram demonstrates that the trau-
matic pseudoaneurysm (arrow) is arising from the seg-
ment VI division of the hepatic artery, taking origin from
the accessory right hepatic artery from the superior mes-
enteric artery

protective perirenal fat. The majority will have
hematuria (microscopic), however, Ishida et al.
report a 17% normal urinalysis rate in renal
trauma patients and therefore urinalysis cannot
be exclusively relied upon as a screening mecha-
nism [36]. Initial assessment is usually by CECT
and non-operative management is achieved in
98% of cases [36]. In cases of hemo-dynamic
instability and active bleeding, embolization can
be considered. If surgery is required, renal paren-
chymal sparing surgery can be attempted. A
CEUS examination has been shown to accurately
diagnose renal pathology in the acute phase
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Fig. 10.6 The patient from Fig. 10.2, 16-year-old stab-
bing injury with a pancreatic transection. (a) The portal
venous phase CT examination demonstrates a pancreatic
transection (arrow). (b) The patient underwent an endo-
scopic retrograde cholangio pancreatography (ERCP) and

[37, 38]. In addition, CEUS is used as follow-up
imaging to assess for pseudoaneurysms. The ben-
efits of the agents used in a CEUS examination
are that they are not nephrotoxic and therefore
favored over CECT with the nephrotoxic iodin-
ated agents used. The disadvantage of an ultra-
sound contrast agent is related to the mode of
excretion, it is not renally excreted and therefore
injury to the renal collecting system cannot be
visualized [34]. Complications following renal
trauma include pseudoaneurysm formation and
urinoma, which can be managed by percutaneous
drainage, with or without an endoscopic insertion
of a double J stent.

cannulation of the pancreatic duct (arrows), with contrast
injection demonstrating a pancreatic leak at the site of the
transection (arrowheads). (¢) A pancreatic stent (arrows)
was placed in the pancreatic duct, across the transection
plane, to control the continuing pancreatic duct leak

10.10 Summary CEUS
in Abdominal Trauma

CEUS has been shown to be superior to ultra-
sound for detecting solid organ injury with a sen-
sitivity, specificity, positive predictive value,
negative predictive value, and accuracy of 100%,
100%, 100%, 100%, and 100% for CEUS vs
38.8%, 100%, 100%, 12.8%, and 44% for ultra-
sound [39]. CEUS is reported to be almost as
accurate at diagnosing solid organ injuries in the
acute setting as CECT. It is essential for follow-
up imaging to provide evidence of traumatic
injury resolution and identification of complica-
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tions such as PAs. This aids in streamlining the
management plan for the children [34]. CEUS
achieved high sensitivity (92.2%), specificity
(100%), negative predictive value (100%), and
positive predictive value (93.8%) in detecting
solid organ injury at the initial presentation to the
emergency department and may be able to replace
CECT for intra-abdominal injury assessment in
both the stable and unstable patient depending on
user availability [40]. However, in cases of poly-
trauma, it remains prudent to obtain a CECT as
first-line imaging.
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Contrast-Enhanced Ultrasound

in Blunt Abdominal Trauma

Margherita Trinci, Annamaria Deganello,

11

and Vittorio Miele

11.1 Introduction

In industrialized countries, blunt abdominal
trauma is considered the leading cause of death in
the age group of <40-50 years and the main
cause of morbidity in pediatric patients [1, 2].
Depending on the mechanism, injuries are
divided between high- and low-energy traumatic
injuries. These two different types of trauma
require different management, and this is valid
both for adult and pediatric patients: in high-
energy trauma management is well established,
whereas for the low-energy trauma there is no
common agreement. In hemodynamically stable
patients who sustain high-energy trauma,
contrast-enhanced computed tomography (CE-
CT), is the reference standard diagnostic tech-
nique, as multiorgan involvement must be
considered, and this technique allows to examine
the patient from “head to toe” in a short time with
high diagnostic accuracy [1, 3, 4].
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In the setting of high-energy trauma with
hemodynamically unstable patients, the diag-
nostic management of volemic shock is differ-
ent and an abdominal-focused assessment with
sonography for trauma (FAST) is performed,
also extended to the thorax (E-FAST), which
should identify causes for the volemic shock
including hemoperitoneum, hemothorax, and
pneumothorax. Once the patient has been
treated and has become hemodynamically sta-
ble, a diagnostic CE-CT [5-12] should be car-
ried out. In low-energy trauma, the situation is
very different as the patient may only have
superficial wounds without the involvement of
internal organs, but equally they may have one
or more internal organs injured; management is
more controversial as it is likely to underesti-
mate the severity of the injury. While road traf-
fic accidents occur in all age groups, being the
most frequent cause of high-energy trauma, in
pediatric patients the causes of low energy
trauma vary according to age. This follows the
distinct phases of childhood development, as
children practice different activities in different
settings. Toddlers are often involved in domes-
tic trauma, children in sports-related trauma
and teenagers mainly sustain road traffic acci-
dents and sports injuries [13]. In regard to non-
accidental injury in the newborn and early
childhood, different clinical and imaging evalu-
ations are required, which will not be discussed
further [1, 13].
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Children have specific physical characteristics
that differentiate them from adults and need a dif-
ferent clinical and imaging approach. These dif-
ferences include a thinner abdominal wall,
greater elasticity of the tissues, particularly the
bone, closer proximity of internal organs to each
other and the horizontal position of the dia-
phragm. All these factors are influential as even
with low-energy trauma lesions of one or more
internal organs can occur without any bone injury
[4, 13]. In childhood, a head injury is most fre-
quent, this is partly due to the disproportion
between the skull and the rest of the body and
also to the lower resistance of the cervical mus-
cles; the abdomen is the second most common
site of injury and blunt trauma accounts for
80-90% of abdominal injuries. In low-energy
trauma, a single organ injury is most likely to
occur, the spleen being the most frequently
injured organ in the pediatric patient.

The clinical evaluation can be difficult, espe-
cially in the younger patient and/or in case of
unconsciousness or lack of witnesses to the
trauma episode. For these reasons, clinical his-
tory and examination alone are often unable to
provide enough information about the presence
and the extent of abdominal injury [14]. However,
the presence of wounds or fractures on physical
examination can orientate to the location and the
severity of the trauma [1, 14—16]. In this scenario
diagnostic imaging should play a key role in cor-
rectly and quickly differentiating between
patients with or without organ injury, directing
correct management and the possible need for
further diagnostic tests [9, 17-20].

11.2 Guidelines
and Recommendations

The European Federation of Societies for
Ultrasound in Medicine and Biology (EFSUMB)
first published guidelines and recommendations
for the use of contrast-enhanced ultrasound
(CEUYS) in the context of trauma in 2008 [21].
Contrast-enhanced ultrasound was mentioned as
potentially beneficial in those cases where com-

puted tomography (CT) was of poor quality, to
clarify equivocal CT results or as an addition to
CT to facilitate follow-up and the main recom-
mendation was to use CEUS in addition to ultra-
sound (US) and focused assessment with
sonography for trauma (FAST) scanning in the
evaluation of traumatic injuries to the liver,
spleen, and kidneys. In the 2011 and 2017 updates
with formal recommendations were produced
with specific references to pediatric patients: the
use of CEUS in trauma had been expanded to the
evaluation of hemodynamically stable patients
with isolated abdominal trauma as first-line
investigation as an alternative to CT, both in
adults and pediatric patients. In addition, CEUS
is recommended as a supplementary investiga-
tion in cases of uncertain CT findings and the
follow-up of patients managed conservatively, to
reduce the number of repeated CT examinations,
especially in children [22, 23].

11.3 Ultrasound Contrast
Administration

Given the lengthy persistence of ultrasound con-
trast agent (UCA) microbubble enhancement in
the solid organs, parenchymal lacerations and
hematomas can be assessed easily and accurately
with CEUS. However, considering the rapid cor-
tical enhancement of the kidneys in the arterial
phase, the examination should always start with
the kidney on the affected side of injury, then pro-
ceed and examine the remaining solid upper
abdominal viscera. Most commonly, the study
should utilize two separate injections of UCA,
allowing the examiner to evaluate initially the
right kidney and adrenal, liver and pancreas and,
following the second dose of contrast, the left
kidney and adrenal and finally the spleen [22,
23]. In isolated, low-energy trauma, the examina-
tion may be focused on the suspected involved
organ, allowing detailed examination in all
phases of enhancement. This is particularly
important with follow-up examinations, where
there is a need to exclude the presence of arterial
pseudoaneurysms within the injured organ [23].
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11.4 Imaging Techniques:

Indications and Limitations

11.4.1 Computed Tomography
and Magnetic Resonance
Imaging

Although CE-CT is considered the reference stan-
dard imaging method to highlight any type of
traumatic lesion [24-26], it carries risks related to
radiation exposure, and therefore should not be
performed routinely. In addition, CE-CT is more
expensive than CEUS and needs intravenous
administration of iodinated contrast medium,
exposing the patient to potential risks of an
adverse reaction. For all these reasons, CE-CT
should be used only in patients with a strong sus-
picion of an injury following low-energy blunt
abdominal trauma. Despite the lack of radiation
exposure, magnetic resonance (MR) imaging is
not used routinely in emergency departments. MR
examinations are more expensive, require a lon-
ger examination time, and depending on the
patient’s age, may require sedation. Furthermore,
there is still a risk of adverse reaction to a gado-
linium contrast medium, although this is consid-
ered lesser to iodinated contrast agents used in
CE-CT, and the unknown long-term consequences
of gadolinium deposition in the body [23].

11.4.2 Conventional Ultrasound
Imaging

Baseline B-mode US is usually the first-line diag-
nostic imaging technique used for the assessment
of patients with low-energy blunt abdominal
trauma [27]. There are many reasons for this,
largely due to the availability of US in emergency
departments, bedside application, rapidity, and
tolerability of the examination by the pediatric
patient in the presence of the parents. The US
examination can also be easily repeated and is
relatively inexpensive for initial assessment and
additionally for follow-up. The disadvantages
include a dependency on the experience of the
sonologist and the body habitus of the patient.
Furthermore, US has poor sensitivity in detecting

traumatic parenchymal lesions that often appear
isoechoic to the underlying parenchyma [28-31].

When performing an US examination in
trauma, the aim is not only to detect parenchymal
lesions but to establish the relationship with the
organ capsule and to assess the presence of free
fluid, which can be an indirect sign of traumatic
injury even in absence of a visible parenchymal
injury. Ultrasound has a high sensitivity for the
detection of free fluid, ranging from 63% to 99%,
comparable with that of CE-CT [4-7, 28, 31, 32]
and as such has, in an unstable patient, has
replaced peritoneal lavage. Sensitivity in the
detection of free fluid is however influenced both
by the experience of the sonologist and the
amount of free fluid present; sensitivity decreases
with a small fluid volume [29, 30]. The accuracy
of US in the detection of solid organ injury is low,
reported at 45.7%, depending not only on the
experience of the sonologist but also on the echo-
genicity of the fresh blood, which may be similar
to that of the healthy organ parenchyma, espe-
cially surrounding the spleen [1, 3-5, 33, 34].

The anatomical position of the targeted organ
influences the ability of US to detect a lesion;
organs located below the diaphragmatic muscle
or examined predominantly intercostally, like
the spleen, are more difficult to evaluate.
Similarly, retroperitoneal organs such as the
kidneys and the pancreas may be difficult to
examine, especially in a large patient but likely
easier in the pediatric patient. Up to 29-34% of
parenchymal traumatic lesions may be present
and not seen on FAST in the absence of hemo-
peritoneum, [31, 35, 36] and as such the absence
of free fluid should not be considered a reliable
criterion to exclude the presence of a traumatic
solid organ injury.

11.4.3 Contrast-Enhanced
Ultrasound

When examining patients with abdominal
trauma, negative prognostic factors that influence
the patient’s management must be considered
besides the presence of free fluid, such as organ
capsule and/or hilar region involvement, the pres-
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ence of vascular lesions including post-traumatic
pseudo-aneurysms and ongoing intralesional or
extracapsular bleeding. B-mode US has limita-
tions in the evaluation of these prognostic factors
and in some cases, as in active bleeding, it has no
role. To improve on the basic US examination,
particularly with patients presenting with local-
ized low-energy trauma, an often-non-conclusive
baseline US is followed by a contrast-enhanced
ultrasound (CEUS) examination. With the addi-
tion of a UCA, there is a significant improvement
in detecting parenchymal solid organ injury, with
the ability to observe all the vascular phases of
the injured organ in real time, and repeatedly
with safety. On a CEUS examination, healthy
parenchyma shows uniform, avid enhancement
in the venous and late phases, which allows better
detection of parenchymal lesions, which are
markedly hypoechoic with respect to healthy
parenchyma as a consequence of the avascular
nature of the lesion. This allows for an accurate
and confident evaluation of the relationship
between the lesion and the organ capsule.
Furthermore, it is possible to highlight the pres-
ence of intralesional or extracapsular bleeding
and detect vascular lesions such as pseudoaneu-
rysm or artero-venous fistula [1, 13, 37, 38].

Contrast-enhanced ultrasound is established
as more accurate than the B-mode US and almost
as sensitive as CE-CT in the detection of trau-
matic injuries, with levels of sensitivity and spec-
ificity up to 95%. Using CEUS, it allows a safe
discharge of a patient when no injuries are identi-
fied following low-energy blunt abdominal
trauma, avoiding hospital stay and associated
costs, as well as any further imaging examina-
tions. By using CEUS, and avoiding a CE-CT,
reduction in radiation exposure is achieved [1, 4,
19, 31, 33, 39-43].

Contrast-enhanced ultrasound carries the
same limitations of conventional B-mode ultra-
sound; it is dependent on the experience of the
sonologist, the patient’s body habitus, it is not
panoramic and it has difficulties in exploring
deep regions, especially in patients unable to
move or not collaborating. Specific CEUS limits
are the additional cost of the UCA and potential
allergic reactions, known to occur rarely. Lack of

experience and awareness are likely to explain
the low usage of this technique in trauma patients.

The UCA used in CEUS is purely intravascu-
lar, does not pass into the interstitial space, and is
eliminated via the lungs and not via the kidneys,
with a CEUS examination unable to evaluate
abnormalities of the renal excretory system.
However, the UCA can be safely used in patients
with acute or chronic renal failure. If a traumatic
lesion is depicted on CEUS, it is advisable to also
perform a CE-CT examination, as CE-CT
remains the reference standard, allowing for a
global view of the abdomen. This panoramic
view is warranted to exclude the presence of fur-
ther injuries and other negative prognostic factors
such as rupture of the urinary tract, active bleed-
ing, or gastrointestinal injuries [39]. Another
very important indication is the follow-up of
trauma, even at the bed side, of known lesions
both in high- and low-energy traumas, avoiding
repeated radiation exposure.

11.5 Traumatic Solid Organ
Injuries

On B-mode US, a recent traumatic lesion appears
hyperechoic due to the presence of fresh blood.
Any delay in presentation, the lesion will vary in
echogenicity, from hyperechoic to iso-
hypoechoic, but there may be only a subtle dis-
tortion of the normal echogenicity [40]. The
lesions may be single or multiple, of various
sizes, with an irregular shape and ill or well-
defined border [1, 4, 33, 43]. After intravenous
administration of the UCA, the parenchymal
enhancement varies according to the differences
in the vascularization of the organ under
investigation.

11.5.1 Enhancement Patterns
of Contrast-Enhanced
Ultrasound

In relation to the intensity of the enhancement,
the kidneys enhance avidly and more rapidly
compared to the liver and spleen. In particular,
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the renal cortex enhances very early while the
medullary pyramids enhance approximately
30 s after the injection of the UCA, from the
periphery to the center. The optimal time
period for kidney assessment is up to 2.5 min.
At CEUS, in comparison with the conventional
US, it is easier to detect small amounts of ret-
roperitoneal fluid in the perirenal space [1, 44].
The spleen has an inhomogeneous enhance-
ment in the arterial phase, as in CE-CT, and
therefore it is best evaluated in the venous
phase when it shows avid and persistent
enhancement (up to 6-8 min post-UCA admin-
istration). The liver and the pancreas show
enhancement of intermediate intensity [1].
Contrast-enhanced ultrasound findings are
related to the UCA distribution, which may be
homogeneous in healthy parenchyma with vas-
cular  structures  clearly = recognizable
(Fig. 11.1), heterogeneous, with areas of lack
of perfusion, in case of injury, or absent in case
of organ devascularization or hypovolemic
shock. The venous phase is the best to appreci-
ate the number, position, and extent of the trau-
matic lesions [31, 43].

11.5.1.1 Parenchymal Lesions:
Lacerations, Hematoma,

and Capsule Rupture

Traumatic lesions on a CEUS examination are
visualized as hypoechoic or anechoic areas, due
to the absence of UCA enhancement, clearly
depicted within healthy, normally enhancing
parenchyma. The margins of the lesion will read-
ily demarcate, as will the integrity or the rupture
of the organ capsule (Fig. 11.2). Similar to
CE-CT, on a CEUS examination, the severity of a
traumatic injury can be assessed based on the
American Association for Trauma Surgery
(AAST) classification [45, 46]. The type of
parenchymal lesions that can be found following
trauma is diverse depending on the degree of
damage caused by the traumatic event. Contusions
may result simply in an edematous or hypoechoic
area, a manifestation of reduced perfusion.
Lacerations can have different shapes and sizes:
they may appear as small, anechoic, linear defects
(Fig. 11.3) with branches or as larger, irregular or
rounded areas in which there may be the presence
of active bleeding foci. The laceration can reach
the capsule at one or more points and possibly

Fig. 11.1 Healthy hepatic parenchyma. (a, b) CEUS shows homogeneous enhancement of healthy hepatic paren-
chyma. Vascular structures are clearly depicted (arrows)



110

M. Trinci et al.

Fig.11.2 Splenic trauma. (a) CEUS shows the laceration
of the upper pole of the spleen, involving the splenic cap-
sule (arrow); small amount of perisplenic hematoma
(arrowhead). Collapsed parenchyma at the lung base is

also shown (asterisk), with a small amount of pleural effu-
sion (open arrow). (b) CT confirms the laceration of the
spleen, involving the organ capsule (arrow) and the col-
lapse of lung parenchyma (asterisk)

Fig. 11.3 Splenic trauma in patients with splenomegaly.
(a) US shows homogeneous echostructure of splenic
parenchyma; no injuries are appreciable. (b) CEUS shows

breaching the capsule (Fig. 11.4), or may remain
completely intraparenchymal (Fig. 11.5). The
presence of subcapsular hematoma will appear as
a lenticular hypoechoic or anechoic area
(Fig. 11.6), surrounding the normal enhanced
parenchyma, causing a mass effect (Fig. 11.7).
Similarly, a parenchymal hematoma will be seen

a linear laceration of the spleen, involving the splenic cap-
sule (arrow), with a thin subcapsular hematoma (asterisk)

as a slightly hyperechoic area at B-mode US and
as a non-enhancing area at CEUS.

11.5.1.2 Active Bleeding

Contrast-enhanced ultrasound can also detect
the presence of intralesional or extracapsular
active hemorrhage. The bleeding point will be
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Fig. 11.4 Pancreatic injury. (a) CEUS shows a complete
fracture of the pancreatic body, with subtle peripancreatic
fluid collection (arrow). (b) MR imaging confirms the

pancreatic lesion as a linear hyperintensity across the

parenchyma and the peripancreatic small fluid collection
(arrow)

Fig. 11.5 Liver trauma. (a) US shows a large inhomoge-
neous hyperechoic area in the hepatic parenchyma (arrow-

visualized as one or more round or oval hyper-
echoic focus of variable size, with alteration of
the shape and echogenicity over a short time
period, similar to that seen on a CE-CT
(Fig. 11.8). Active hemorrhage is a very impor-
tant prognostic marker, as the presence of hem-
orrhage alters the management of the patient
from conservative to non-conservative, possibly
requiring an embolization procedure [39].
Despite the ability of CEUS to demonstrate the

heads). (b) CEUS clearly depicts a deep linear laceration of
hepatic parenchyma (arrow), not involving the organ capsule

ongoing extravasation of the UCA, the first-
choice investigation for the visualization of both
intralesional and extracapsular hemorrhage
remains CE-CT, but often altered by a preceding
CEUS examination. The literature reports vari-
able sensitivities of CEUS in detecting contrast
pooling [47-49]. A recent study [50] reported a
sensitivity of 72.4% in the identification of sites
of active hemorrhage on CEUS, compared to
81.2% on CE-CT [39]. Peritoneal or retroperito-
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Fig. 11.6 Renal trauma. (a) B-mode US does not depict any renal injuries. (b) CEUS shows a lenticular subcapsular
hematoma in the mid aspect of the left kidney (arrow). (¢) CE-CT confirms the subcapsular hematoma (arrow)

neal active hemorrhage will be visualized in the
early stage as extra parenchymal extravasation
of hyperechoic UCA microbubbles [39].

The presence of a post-traumatic vascular
lesion such as a pseudo-aneurysm, can be visual-
ized on the B-mode US as anechoic areas located
in the context of healthy parenchyma; color
Doppler US evaluation shows the presence of
blood flow inside the anechoic lesion. Contrast-

enhanced ultrasound can confirm that the UCA is
distributed within the lesion, with swirling under
real-time observation. The complete lack of
organ perfusion is indicative of major vascular
injury and avulsion of the vascular pedicle. As
the evaluation of the renal excretory system is not
possible on CEUS, any visualization of paren-
chymal damage can be indicative of renal excre-
tory impairment.
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Fig. 11.7 Splenic trauma. (a) US shows a linear lacera-
tion of the spleen (white arrowhead), involving the cap-
sule; (b) CE-CT confirms the lesion (black arrowhead). A
perisplenic fluid collection is appreciable (asterisk). One
month later, (c¢) follow-up US shows the organized sub-

capsular hematoma (white arrows) and (d) CEUS clearly
depicts the large lacerations of the splenic parenchyma
(black arrow) and the perisplenic fluid collection
(asterisk)
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Fig. 11.8 Liver trauma. (a) CEUS demonstrates a large
hematoma in the right lobe, with active bleeding (arrow-
head). (b) CE-CT confirms the intraparenchymal and

11.6 Conclusion

Contrast-enhanced ultrasound is a safe, reliable
imaging modality to evaluate pediatric patients
presenting to the emergency department with a
history of low-energy trauma. It also plays an
important role in triaging patients towards con-
servative management or intervention, especially
when a CE-CT examination may not be indicated
in the first instance. Moreover, its use in the fol-
low-up of known solid organ injuries avoids
unnecessary repeated radiation exposure and
reduces costs.
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12

of the Pediatric Kidneys

Jeevesh Kapur and Zoltan Harkanyi

12.1 Introduction

Conventional ultrasound (US) has been the main-
stay of imaging the renal system and abdominal
organs in clinical practice, more so in the pediat-
ric age group. With the advantages of being a
non-irradiating modality and with real-time
imaging, US has become absolutely essential in
the radiological evaluation pathway in children.
However, a conventional US of the kidneys may
be suboptimal, particularly in the assessment of
renal lesion characteristics. With the advent of
contrast-enhanced ultrasound (CEUS), a new
dimension has been added to this essential role,
which has the potential of offering insights to
enhancing patterns of abdominal organs and
focal lesions similar to, if not better than, conven-
tional computed tomography (CT) and magnetic
resonance (MR) imaging [1-3]. In the last
decade, CEUS has begun making headway, not
subject to the same limitations of CT and MR
imaging, and is particularly useful in patients
with renal impairment. Following several con-
sensus conferences since 2003, the European
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Federation of Societies for Ultrasound in
Medicine and Biology (EFSUMB) study group
has developed numerous guidelines and proto-
cols for the use of CEUS, allowing a more stan-
dardized and reproducible practice of CEUS,
culminating in a position paper on CEUS prac-
tice in pediatric patients [3].

12.2 Safety and Technical
Considerations

As ultrasound contrast agents (UCA) consist of
microbubbles and are true blood pool agents, they
do not leave the blood vessels and are not subject
to normal renal filtration or renal excretion, essen-
tially behaving as “vascular tracers.” The risk of
iodinated CT contrast-induced nephrotoxicity and
nephrogenic systemic fibrosis with gadolinium in
patients with renal compromise has limited the
role of contrast-enhanced CT and MR imaging in
patients with renal impairment. Ultrasound con-
trast agents, with their established safety and low
incidence of side effects, offer a unique perspec-
tive into renal imaging [4, 5]. These UCA are not
nephrotoxic or cardiotoxic and components are
excreted by the lungs or metabolized via the liver,
their use does not require renal function biochemi-
cal tests prior to administration. Riccabona et al.
have found UCA to be safe for use in children, and
have incorporated it into guidelines of pediatric
practice [6, 7]. In a large-scale retrospective analy-
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sis, it was demonstrated that SonoVue™ (Bracco
Spa, Milan) has a good safety profile in abdominal
applications, with an adverse event reporting rate
lower than or similar to that reported for radiologic
and MR contrast agents [6—8]. Ultrasound contrast
agents have a low serious adverse event rate of
0.006-0.009%, consisting primarily of anaphylac-
toid reactions that resolve and typically do not
necessitate hospitalization; nevertheless, compe-
tent medical care for any reaction should be avail-
able. Less serious side effects that are also rare and
typically transient include headache, dizziness,
flushing, nausea, flank pain, and chest pain [4, 5].

SonoVue™ is the most commonly used UCA
for intravascular renal assessment. This UCA is a
phospholipid encapsulated sulfur hexafluoride
microbubble with an average microbubble diam-
eter of 2.5 pm. The adult dose is normally
between 1.2 and 4.8 mL depending on the organ
to be examined, and in the examination of the
pediatric kidney, a dose of between 0.6 and 1.2
mL will suffice. The UCA is administered via a
peripheral vein (in which a 20G intra-venous
cannula has been inserted), followed by a rapid
bolus injection of 5 mL of normal saline. We usu-
ally inject up to a maximum of two boluses of at
an interval of 10—15 min when two kidneys are to
be examined, but with a single lesion to be exam-
ined, rarely is more than one dose required.

When assessing a focal lesion, we select
appropriate positions, depending on the different
clinical requirements, to perform axial, coronal,
sagittal examinations of the kidneys. Baseline
grayscale US is conducted to observe lesion size,
shape, echo intensity, and demarcation from
adjacent tissues, while color Doppler US is used
to examine the blood flow within and surround-
ing the lesion. Contrast-enhanced ultrasound is
performed selecting the most appropriate trans-
ducer, remaining static over the most suitable
view in order to obtain maximum information on
the vascularity of the lesion.

With the role of CEUS being well established
in the adult population, most of the modern high-
end US machines are equipped with a contrast
imaging mode. Vendor-specific workstations are
able to process attributes such as areas under the
curve and time to peak, which can be helpful for

further insights and research into contrast-
enhanced patterns in kidneys.

12.3 Imaging
After an intravenous injection of the UCA, renal
lesions are compared with the corresponding nor-
mal renal cortex. Lesions with post-UCA admin-
istration enhancement higher than, lower than or
equal to that of the cortical echogenicity are
defined as hyperenhancing, hypoenhancing, and
iso-enhancing respectively. In addition, the time
in which the UCA washes-in and washes-out of
the lesion is compared with that of the rest of the
normal kidney. “Fast in” indicates that inflow
into the lesion of the UCA precedes the enhance-
ment of the renal cortex, whereas “fast out” indi-
cates an outflow of the UCA from the lesion
precedes that of the renal cortex. “Identical in”
and “identical out” indicate that the UCA enters
and exits the lesion in an identical manner when
compared with the normal renal cortex.
Furthermore, “slow in” and “slow out” indicate
that inflow and outflow of the UCA are later in
the lesion than in the normal renal cortex [9].
Renal lesions are often better assessed on CEUS
due to its greater sensitivity in depicting intra-cys-
tic septations and cystic contents such as hemor-
rhage [10]. Contrast-enhanced ultrasound has a
higher temporal resolution, and that in combination
with the lack of renal contrast excretion and back-
ground suppression of stationary tissue, is superior
in the detection of microvascular flow within the
septations or wall of any renal lesion [11-13].
Contrast-enhanced ultrasound also has a larger
margin for error, allowing repeated scanning in a
single session, although more often encountered in
adults rather than pediatric patients.

12.4 Focal Renal Lesions

12.4.1 Bosniak Classification of Renal
Cysts

Characterization of complex renal cyst remains a
common and sometimes difficult diagnostic
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dilemma for the referring urologist and the radi-
ologist. These complex renal cysts are found inci-
dentally on routine radiological investigations.
Whether a cyst enhances or not, it is important in
differentiating benign from malignant lesions as
the chance of neoplasia increases to 40-80%
when there is enhancement noted [12, 14].
Although contrast CT and MR imaging is consid-
ered the gold standard, CEUS has given the eval-
uation of complex renal cyst a new dimension.
Contrast-enhanced ultrasound has the advantage
of being able to visualize the thin fine septa better
than CT or MR imaging due to the inherent reso-
lution superiority of US [11, 15]. Contrast-
enhanced ultrasound provides an accurate and
reliable alternative to other cross-sectional imag-
ing modalities, especially when evaluating soli-
tary lesions and for their follow-up imaging
(Figs. 12.1, 12.2, and 12.3).

As in all cross-sectional studies, contrast use
is important in identifying solid enhancing com-
ponents, and the Bosniak complex renal cyst

Fig. 12.1 Simple renal cyst shown on a split-screen view
with the CEUS (left) and the baseline low mechanical
index (MI) ultrasound image (right). CEUS shows the
cyst with anechoic cyst without septa, calcification nor

classification is reproducible [16] with high accu-
racy in predicting malignancy as enhancing tis-
sue [17, 18]. This classification system is suited
to a CEUS examination [12, 19] with recent stud-
ies comparing CEUS and contrast-enhanced CT
(CECT) showing no statistical difference between
the two modalities in diagnosing renal malignan-
cies [20]. Quaia et al. asserted superior CEUS
characterization of complex renal cysts compared
to CECT, with a sensitivity of 81-95% (vs.
86-95%), a specificity of 42-68% (vs. 63-79%),
positive predictive value (PPV) of 61-74%
(vs.74-82%), and negative predictive value
(NPV) of 67-89% (vs. 83-92%) of CECT com-
pared with CEUS across their three separate
readers [11]. In another study comparing CEUS
with MR imaging, Chen et al. concluded that
CEUS had a higher diagnostic sensitivity and
accuracy but lower specificity than MR imaging
for classifying complex cystic renal masses (sen-
sitivity 97.2% vs. 80.6%, specificity 71.4% vs.
77.1%, PPV 77.8% vs. 78.4%, and NPV 96.2%

1ST RUN
RT KIDNEY

solid components (arrow). No enhancement after intrave-
nous contrast agent injection. This is characteristic of a
simple Bosniak Type I cyst and does not entail further
investigation
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Fig. 12.2 Complex renal cyst, Bosniak IIF, shown on a
split-screen view with the CEUS (left) and the baseline
low mechanical index (MI) ultrasound image (right).
Non-contrast US shows a large renal cyst with a solid
echogenic component within the cyst (arrow). Post-
contrast image shows no intra-cystic enhancement and the
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AP0.19%

apparent echogenic solid lesion shows no arterial enhance-
ment or washout. Minimal enhancement of the septa is
noted, with no nodular enhancement or washout. It was
proven on follow-up imaging to be a complicated cyst
with some internal hemorrhage

Fig. 12.3 Bosniak II cyst in a transplanted kidney shown on
a split-screen view with the CEUS (left) and the baseline low
mechanical index (MI) ultrasound image (right). Non-contrast

image shows some thin septae within the cyst, whereas the
post-contrast image shows no significant contrast enhance-
ment within the septa, rendering the cyst to be Bosniak II
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vs. 79.4%) [21]. Recently, a cohort of studies has
published high sensitivity and NPV of
CEUS. Barr et al. published sensitivity and NPV
of 100% [22] while Li et al. reported a sensitivity
of 93.3% and NPV of 99.2% respectively [23].
Our department study results support these asser-
tions as applied to the pediatric patient, with a
sensitivity of 95.5% and NPV of 98.0% [24].

A confounding factor in the interpretation of
CEUS studies has been the differentiation of malig-
nancy from benign tumors and in turn from an
inflammatory lesion. This is due to the vascularity

Table 12.1 Summarizes the most frequent CEUS indica-
tions in pediatric patients with renal disorders

Indications of pediatric renal CEUS
¢ Renal focal solid lesions, assessment of
vascularity
Complex cystic renal lesions
Complicated renal infection
Renal transplant complication
Renal trauma
Renal artery stenosis®

aRenal artery stenosis: not commonly used but may have
future indications

2ND RUN

Fig. 12.4 Renal angiomyolipoma (AML) shown on a
split-screen view with the CEUS (left) and the baseline
low mechanical index (MI) ultrasound image (right). An
8-year-old boy, with an incidental note of a left kidney
mass on bedside ultrasound. Non-contrast image shows a

and enhancement of granulation tissue within these
inflammatory lesions which can mimic tumors.
Some studies have shown that approximately 30%
of renal cell carcinoma (RCC) mimic angiomyoli-
poma (AML) on US and that half of the RCC can
be hyperechoic [25] (Table 12.1).

12.5 Renal Angiomyolipoma

Classically a renal AML shows in-filling of the
UCA starting from the periphery of an echogenic
lesion and slowly spreading to the center of the
lesion with iso or hypoenhancement. This is most
likely due to most of the blood vessels in AML
being malformed with a tortuous course and disor-
ganized blood vessels. These anatomical features
associated with renal AML result in difficult inflow
and slow outflow of the UCA: the start of the inflow
and outflow of the UCA is later in the lesion than in
the renal cortex. A typical renal AML is where the
lesion is seen to be less enhancing than the adjacent
normal renal parenchyma in all phases (i.e., arterial,
early venous, and delayed phases (Fig. 12.4).

large echogenic exophytic mass (arrowheads), which
shows post-contrast enhancement, which is less enhanc-
ing than the renal parenchyma (star) at all phases. No sig-
nificant washout is seen within the lesion (arrows)
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12.6 Renal Parenchyma Defects

Ultrasound contrast agents are truly intravascular
and do not “leak” into the surrounding tissue (no
“equilibrium” phase) and are not subjected to renal
filtration; they behave like “vascular tracers.” Using
CEUS to identify the vessels, rather than color
Doppler US, to track the course of the renal artery
has been shown to be more accurate and shortens
examination time, particularly with unfavorable
body habitus, and can be used in patients with renal
impairment [24, 26]. Contrast-enhanced ultrasound
is an excellent modality to assess the perfusion pat-
tern of a kidney, due to the unique ability to image
microcirculation. After UCA injection, there is an
immediate and prompt enhancement of the kidney,
usually seen within 10 s. The main renal artery, its
bifurcation, the arcuate and segmental arteries rap-
idly enhance with perfusion seen up to the periph-
ery of the renal cortex (Fig. 12.5).

This ability to image the microcirculation to
the peripheral renal cortex is useful in the
assessment of any patient with a renal trans-
plant. A cortical infarct often appears as a
wedge-shaped defect in all phases of the con-
trast enhancement when compared to the rest
of the renal cortex. Ischemia can be reliably
differentiated from a true infarction, as in isch-
emia, some slow inflowing UCA will be visible
[27]. Similarly, in trauma, lacerations and
hematomas are seen as non-enhancing areas
when compared to the surrounding enhancing
renal parenchyma. Active bleeding and pseu-
doaneurysm formation are also easily identi-
fied. Renal transplant complications, including
vascular compromise, vascular patency, corti-
cal infarcts, and acute cortical necrosis
(Fig. 12.6), can be investigated with a CEUS
examination, with relative ease at the bedside,
and with a confident interpretation.

Fig. 12.5 Normal renal perfusion. Post-contrast US
shows diffuse prompt homogenous uniform enhancement
of the kidney (arrows), with no perfusion defects or areas

of ischemia/necrosis. This appearance allows for the
exclusion of the possibility of a renal thrombo-embolic
episode
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Fig. 12.6 Renal cortical necrosis. A patient with blunt
abdominal trauma resulting in occlusion to the main left
renal artery. Following the administration of an ultrasound
contrast agent, there is an absence of enhancement to the
renal cortex (arrows), consistent with subcapsular cortical
necrosis
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12.7 Focal Pyelonephritis
and Abscess Formation

In the appropriate clinical context, CEUS can be
used as an accurate tool in the assessment of
renal infection and inflammatory renal masses.
Focal nephronia can often present as a
well-defined mass and presents a clinical conun-
drum for the referring pediatricians and concern
for the parents; CEUS can improve the ability to
differentiate a true renal malignancy from an area
of benign change (Fig. 12.7). Often the character-
istics on CT and MR imaging can be non-spe-
cific. Any regional difference in parenchymal
enhancement is better detected than any global
impairment to perfusion, as the adjacent normal
parenchyma serves as an internal reference.

RT KIDNEY UP

Fig. 12.7 Lobar nephronia shown on a split-screen view
with the CEUS (left) and the baseline low mechanical
index (MI) ultrasound image (right). This 16-year-old boy
was being treated for urinary tract infection. A focal lesion
is identified at the upper aspect of the right kidney arrow).
Post-contrast US of the heterogeneous lesion demon-

strates enhancement similar to the rest of the renal paren-
chyma, with areas of non-enhancement in the center of the
lesion (arrowheads). No contrast washout was noted.
These features are similar to CT imaging features of lobar
nephronia
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Children with pyelonephritis can develop renal
abscesses as a complication. As conventional US
is suboptimal at depicting, or confidently identi-
fying an early renal abscess, especially when pre-
senting on US as an indeterminate solid lesion. A
CEUS examination is ideal to depict an abscess
and will demonstrate a heterogeneous lesion with
a central cavity, with a thick enhancing rim and
often with a surrounding non-vascularized peri-
nephric fluid collection. There is normally
peripheral enhancement of the lesion on the
CEUS examination, with the fluid central area of
pus demonstrating no central enhancement.
There is no washout on delayed images
(Fig. 12.8).

RK

Fig. 12.8 Renal abscess shown on a split-screen view
with the CEUS (left) and the baseline low mechanical
index (MI) ultrasound image (right). A 10-year-old boy
being treated for recurrent urinary tract infections. A bed-
side ultrasound was performed to look for secondary renal
findings, due to persistent high fever, and elevated

1ST RUN
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12.8 Pseudotumors

A pseudotumor represents a number of normal
renal anatomic variants that can be misinterpreted
as a tumor on imaging. The most frequently
encountered normal variants are: persistence of
fetal lobulation, hypertrophied column of Bertin,
and dromedary or splenic hump [28]. In conven-
tional US and color Doppler US, pseudotumors
have defined features. The addition of CEUS
allows for the identification of a normal renal
perfusion pattern, readily distinguished. This rep-
resents a major criterion for the diagnosis of a
pseudotumor. There is limited evidence for this,
but confident identification of a pseudotumor

C-reactive protein markers. Non-contrast images show
heterogeneous hypoechoic lesion (arrows). Post CEUS,
there is a prompt enhancement of the periphery of the
lesions, with no central enhancement (arrowheads) and no
delayed washout. The enhancement timing is similar to
the rest of the renal parenchyma
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Fig. 12.9 Renal pseudotumor on a split-screen view with
the CEUS (left) and the baseline low mechanical index
(MI) ultrasound image (right). A 15-year-old girl, with
incidental findings of a non-specific “mass” on her bed-
side ultrasound study. Non-contrast US shows an area of
apparent altered echogenicity in the interpolar region of

directly on US will avoid the need for further
imaging with CT or MR (Fig. 12.9).

12.9 Malignant Renal Lesions

Renal lesions are common incidental findings in
adult abdominal imaging, with cysts diagnosed in
up to 35% of individuals after the seventh decade.
In the pediatric population, a Wilms’ tumor is the
most prevalent renal malignancy. However, due
to the usually large size of a Wilms’ tumor at pre-
sentation, CT and MR imaging have normally
been performed, with the usefulness of using
CEUS not established. Although renal cell carci-
noma (RCC) comprises only a small subset of
renal lesions in the child [15], these tumors are
often initially detected on imaging, preceding
any clinical signs. Over 50% of RCC are initially
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the kidney (arrows), which was suspicious for a possible
renal tumor. Post-contrast US shows prompt and homog-
enous enhancement in this area (arrowheads), with similar
enhancement to rest of the kidney, with no abnormal
enhancement or washout, indicating the presence of nor-
mal renal tissue, likely a prominent column of Bertin

diagnosed in this manner on imaging and with
the insidious growth of an RCC, more than 60%
of patients do not show any classic symptoms of
hematuria, abdominal mass, or loin pain [29, 30].
Renal cell carcinomas are often identified by
their increased vasculature, an important finding
that is only seen with contrast-enhanced imaging
[9, 11, 31, 32]. Although CT and MR imaging
remains the modalities of choice, the limitations
imposed by renal impairment, contrast allergies,
radiation, and even technical and timing errors
are disadvantageous.

An RCC is characterized by numerous thin-
walled blood vessels with increased blood flow
physiologically and intratumor necrosis with
hemorrhage and calcification common [33]. The
RCC enhances rapidly and intensely after UCA
administration due to this increased blood flow
(Figs. 12.10 and 12.11). The UCA than washes
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Fig. 12.10 Renal cell carcinoma shown on a split-screen
view with the CEUS (left) and the baseline low mechani-
cal index (MI) ultrasound image (right) in a 13-year-old
boy presented with hematuria for investigation. Following
UCA administration, the lesion showed homogenous cen-

tral enhancement (arrow) within the lesion, which
appeared less enhancing as compared to the rest of the
renal parenchyma, and showed washout in the delayed
images, suspicious for a malignant lesion

Fig. 12.11 Renal cell carcinoma shown on a split-screen
view with the CEUS (left) and the baseline low mechani-
cal index (MI) ultrasound image (right). A complex solid

cystic encapsulated lesion at the lower pole of the left kid-
ney (arrows) with immediate enhancement and areas of
washout after intravenous contrast injection (arrowheads)
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out rapidly in comparison to the adjacent liver/
spleen [10]. Almost all malignant renal lesions
show similar imaging characteristics on CEUS,
with immediate contrast enhancement and rapid
washout, appearing less enhancing than the adja-
cent renal parenchyma on delayed images [34].
Despite some conflicting data on RCC vascular-
ization patterns, published studies have gener-
ally been positive [35]. Of note, Barr et al.
evaluated the performance of CEUS in 1018
indeterminate renal lesions and showed high
sensitivity 100%; specificity 95.0%; PPV 94.7%;
and NPV of 100% [22]. The main advantage of
CEUS is the avoidance of any renal damage and
the issue with the increasing prevalence of acute
kidney injury limiting the use of contrast-
enhanced CT and MR [36]. Contrast-enhanced
ultrasound will play a larger role in evaluating
and differentiating benign from malignant renal
lesions in the future.

12.10 Summary

Contrast-enhanced ultrasound is useful in chil-
dren, as this reduces the radiation burden of CT,
and this technique is likely to be beneficial in
similar indications as in adults (such as differen-
tial of focal lesions in parenchymal organs,
organ perfusion) [2, 5, 37, 38]. Contrast-
enhanced ultrasound has proven to be an excel-
lent tool in the assessment of renal perfusion,
renal infection (abscess), solid and cystic renal
masses (cysts, angiomyolipoma’s, neoplastic
lesions), and pseudo-tumors [27]. The main
benefit of CEUS over other investigation modal-
ities in assessing renal pathology in children is
that UCAs are not nephrotoxic and can be
employed safely in patients with impaired renal
function. Such an advantage, coupled with a
lack of ionizing radiation adds immense value
in the assessment of renal diseases. Possible
contraindication for the use of CEUS in the
pediatric age group would be a history of the
right to left shunts, severe cardiac rhythm disor-
ders, and severe respiratory failure including
respiratory distress syndrome, in keeping with

the recommendations of the UCA manufacturer
[39].

However, the use of CEUS as an imaging
modality does have some limitations: a relatively
short diagnostic window that might need two
UCA injections for the same kidney or one injec-
tion for each kidney. Simultaneous assessment of
more than one focal lesion may be difficult and
may require multiple injections during the exam-
ination. In general, US is relatively harder to per-
form and interpret in the obese child and bowel
gas can interfere with images. Patient compliance
is required as the lesion may not be visible in one
particular position or the patient may be required
to hold his or her breath, which is not always pos-
sible with the child. As the UCA is not excreted
by the kidney, it is not possible to assess the renal
excretory function and detailed anatomy of the
urinary collecting system. There is not universal
approval for the use of UCA in children, and
often these agents are used off-label, not an issue
in medical practice [40]. With the approval of the
use of an intravenous UCA in the United States,
it is expected that the applications will increase.

In conclusion, CEUS is an accurate, inexpen-
sive, non-radiation modality, with an accurate
depiction of enhancement patterns of focal renal
lesions. It is safe to be used in children with renal
insufficiency and renal failure and appears to
have minimal episodes of contrast allergy. Its
accuracy is at least similar, if not better than CT
or MR imaging in the assessment of focal renal
lesions and can be used as a modality of choice
for solitary focal renal lesions in presence of
renal insufficiency. Its role in the pediatric age
group has been less defined and further studies
should be performed to validate its use as a safe
and viable alternative to CT and MR imaging for
renal diseases.

References

1. Claudon M, Dietrich CF, Choi BI, Kudo M, Nolsoe C,
Piscaglia F, et al. Guidelines and good clinical prac-
tice recommendations for contrast enhanced ultra-
sound (CEUS) in the liver—update 2012. Ultraschall
Med. 2013;34:11-29.



128

J. Kapur and Z. Harkanyi

10.

11.

12.

13.

. Sidhu PS, Cantisani V, Deganello A, Dietrich

CF, Duran C, Franke D, et al. Role of contrast-
enhanced ultrasound (CEUS) in paediatric practice:
an EFSUMB position statement. Ultraschall Med.
2017;38:33-43.

. Sidhu PS, Cantisani V, Dietrich CF, Gilja OH,

Saftoiu A, Bartels E, et al. The EFSUMB guidelines
and recommendations for the clinical practice of
contrast-enhanced ultrasound (CEUS) in non-hepatic
applications: update 2017 (short version). Ultraschall
Med. 2018;39(2):154-80.

. Piscaglia F, Bolondi L. The safety of SonoVue

in abdominal applications: retrospective analy-
sis of 23188 investigations. Ultrasound Med Biol.
2006;32:1369-75.

. Yusuf GT, Sellars ME, Deganello A, Cosgrove DO,

Sidhu PS. Retrospective analysis of the safety and
cost implications of pediatric contrast-enhanced
ultrasound at a single center. AJR Am J Roentgenol.
2016;208:446-52.

. Riccabona M. Application of a second-generation

US contrast agent in infants and children—a
European questionnaire-based survey. Pediatr Radiol.
2012:42:1471-80.

. Riccabona M, Avni FE, Damasio MB, Ording-

Muller LS, Blickman JG, Darge K, et al. ESPR
Uroradiology Task Force and ESUR Paediatric
Working Group—Imaging recommendations in pae-
diatric uroradiology, part V: childhood cystic kidney
disease, childhood renal transplantation and contrast-
enhanced ultrasonography in children. Pediatr Radiol.
2012;42:1275-83.

. Darge K, Papadopoulu F, Ntoulia A, Bulas DI,

Coley BD, Fordham LA, et al. Safety of contrast-
enhanced ultrasound in children for non-cardiac
applications: a review by the Society for Pediatric
Radiology (SPR) and the International Contrast
Ultrasound Society (ICUS). Pediatr Radiol.
2013;43:1063-73.

. Wang XH, Wang YJ, Lei CG. Evaluating the perfu-

sion of occupying lesions of kidney and bladder
with contrast-enhanced ultrasound. Clin Imaging.
2011;35(6):447-51.

Setola SV, Catalano O, Sandomenico F, Siani
A. Contrast-enhanced sonography of the kidney.
Abdom Imaging. 2007;32(1):21-8.

Quaia E, Bertolotto M, Cioffi V, Rossi A, Baratella E,
Pizzolato R, et al. Comparison of contrast-enhanced
sonography with unenhanced sonography and
contrast-enhanced CT in the diagnosis of malignancy
in complex cystic renal masses. Am J Roentgenol.
2008;191:1239-49.

Ascenti G, Mazziotti S, Zimbaro G, Settineri N,
Magno C, Melloni D, et al. Complex cystic renal
masses: characterization with contrast-enhanced
US. Radiology. 2007;243:158-65.

Clevert DA, Minaifar N, Weckbach S, Jung EM,
Stock K, Reiser M, et al. Multislice computed tomog-
raphy versus contrast-enhanced ultrasound in evalua-

14.

15.

16.

17

18.

20.

21.

22

23.

24.

25.

26.

27.

28.

tion of complex cystic renal masses using the Bosniak
classification system. Clin Hemorheol Microcirc.
2008;39:171-8.

Bertolotto M, Derchi LE, Cicero C, Iannelli M. Renal
masses as characterized by ultrasound contrast.
Ultrasound Clin N Am. 2013;8:581-92.

Park BK, Kim B, Kim SH, Ko K, Lee HM,
Choi HY. Assessment of cystic renal masses
based on Bosniak classification: comparison
of CT and contrast-enhanced US. Eur J Radiol.
2007;61:310-4.

Graumann O, Osther SS, Karstoft J, Hgrlyck A, Osther
PJ. Bosniak classification system: inter-observer and
intra-observer agreement among experienced uroradi-
ologists. Acta Radiol. 2015;56(3):374-83.

. Israel GM, Bosniak MA. An update of the

Bosniak renal cyst classification system. Urology.
2005;66:484-8.

Bosniak MA. The current radiological approach to
renal cysts. Radiology. 1986;158(1):1-10.

. McArthur C, Baxter GM. Current and potential renal

applications of contrast-enhanced ultrasound. Clin
Radiol. 2012;67:909-22.

Xue LY, Lu Q, Huang BJ, Ma JJ, Yan LX, Wen JX,
et al. Contrast-enhanced ultrasonography for evalua-
tion of cystic renal mass: in comparison to contrast-
enhanced CT and conventional ultrasound. Abdom
Imaging. 2014;39(6):1274-83.

Chen Y, Wu N, Xue T, Hao Y, Dai J. Comparison
of contrast-enhanced sonography with MRI in the
diagnosis of complex cystic renal masses. J Clin
Ultrasound. 2015;43(4):203-9.

. Barr RG, Peterson C, Hindi A. Evaluation of inde-

terminate renal masses with contrast-enhanced
US: a diagnostic performance study. Radiology.
2014;271:133-42.

Li X, Liang P, Yu X, Cheng Z, Han Z, Liu F, et al.
Value of real-time contrast-enhanced ultrasound in
diagnosis of renal solid renal lesions. Nan Fang Yi Ke
Da Xue Xue Biao. 2014;34:890-5.

Yong C, Teo YM, Jeevesh K. Diagnostic performance
of contrast-enhanced ultrasound in the evaluation of
renal masses in patients with renal impairment. Med J
Malaysia. 2016;71:193-8.

Forman HP, Middleton WD, Melson GL, McClennan
BL. Hyperechoic renal cell carcinomas: increase in
detection at US. Radiology. 1993;272:757-66.
Paspulati RM, Bhatt S. Sonography in benign
and malignant renal masses. Radiol Clin N Am.
2006;44(6):787-803.

Harvey CJ, Alsafi A, Kuzmich S, Ngo A, Papadopoulou
I, Lakhani A, et al. Role of US contrast agents in the
assessment of indeterminate solid and cystic lesions
in native and transplant kidneys. Radiographics.
2015;35(5):1419-30.

Marchal G, Verbeken E, Moerman F, Baert AL,
Lauweryns J. Ultrasound of the normal kidney: a
sonographic, anatomic and histologic correlation.
Ultrasound Med Biol. 1986;12:999-10009.



Contrast-Enhanced Ultrasound of the Pediatric Kidneys

129

29.

30.

31.

32.

33.

34.

35.

Ozen H, Colowick A, Freiha FS. Incidentally discov-
ered solid renal masses: what are they? Br J Urol.
1993;72:274-6.

Jayson M, Sanders H. Increased incidence of seren-
dipitously discovered renal cell carcinoma. Urology.
1998;51(2):203-5.

Ignee A, Straub B, Brix D, Schuessler G, Ott M,
Dietrich CE. The value of contrast enhanced ultra-
sound (CEUS) in the characterisation of patients
with renal masses. Clin Hemorheol Microcirc.
2010;46:275-90.

Raj GV, Bach AM, lasonos A, Korets R, Blitstein J,
Hann L, et al. Predicting the histology of renal masses
using preoperative Doppler ultrasonography. J Urol.
2007;177(1):53-8.

Reese JH. Renal cell carcinoma. Curr Opin Oncol.
1992;4:427-34.

Harvey CJ, Sidhu PS. Ultrasound contrast agents
in genito-urinary imaging. Ultrasound Clin N Am.
2011;5:489-506.

Haendl T, Strobel D, Legal W, Frieser M, Hahn EG,
Bernatik T. Renal cell cancer does not show a typi-
cal perfusion pattern in contrast-enhanced ultrasound.
Ultraschall Med. 2009;30(01):58-63.

36

37.

38.

39.

40.

. Jakobsen J, Oyen R, Thomsen HS, Morcos SK,

Members of Contrast Media Safety Committee of
European Society of Urogenital Radiology (ESUR).
Safety of ultrasound contrast agents. Eur Radiol.
2005;15(5):941-5.

Fang C, Bernardo S, Sellars ME, Deganello A, Sidhu
PS. Contrast-enhanced ultrasound in the diagnosis
of pediatric focal nodular hyperplasia and hepatic
adenoma: interobserver reliability. Pediatr Radiol.
2019;49(1):82-90.

Rafailidis V, Deganello A, Watson T, Sidhu PS, Sellars
ME. Enhancing the role of paediatric ultrasound with
microbubbles: a review of intravenous applications.
Br J Radiol. 2016;90(1069):20160556.

Sellars ME, Deganello A, Sidhu PS. Paediatric
contrast-enhanced ultrasound (CEUS); a tech-
nique that requires co-operation for rapid imple-
mentation into clinical practice. Ultraschall Med.
2014;35:203-6.

Sidhu PS, Choi BI, Bachmann NM. The EFSUMB
guidelines and recommendations on the clinical prac-
tice of contrast enhanced ultrasound (CEUS): a new
dawn for the escalating use of this ubiquitous tech-
nique. Ultraschall Med. 2012;32:5-7.



®

Check for
updates

Pediatric Contrast-Enhanced
Ultrasonography (CEUS)

of the Spleen

13
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13.1 Introduction

The spleen is rarely affected by primary diseases,
but secondary diffuse or focal alterations may be
seen in a broad variety of causes. For all imaging
modalities, including contrast-enhanced ultra-
sound (CEUS), characterization of focal or dif-
fuse splenic lesions is more difficult than in the
liver. Blood pool agents however allow a better
description of the parenchymal perfusion and
vascularization pattern. Contrast-enhanced ultra-
sound of the spleen increases the detection rate of
splenic infarction, trauma, and splenuncula [1, 2]
and is an ideal indication for CEUS in children in
order to reduce the overall radiation burden [3].

13.2 Investigation Technique

The enhancement pattern of the ultrasound con-
trast agent (UCA) is described in the early arte-
rial and later parenchymal phase as being hyper-,
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iso, or hypo-enhancing in comparison to the sur-
rounding splenic tissue and the enhancement of
the left kidney. The reasons for the comparably
long duration and higher intensity of UCA
enhancement of the spleen in relation to other
organs are not fully understood. Pooling of the
UCA in the sinusoids or splenic tropism [4, 5] is
likely caused and under discussion.

The arterial phase in the spleen lasts for 5-60 s
and the parenchymal phase up to 5 min (or even
longer) after UCA injection [4]. Depending on
the indication, the sonographic investigation
should be performed in an intermittent manner in
order to avoid bubble destruction. The dose
depends on the age and weight of the child, the
ultrasound device, the software and transducer
used, the depth of the lesion, and lesion vascular-
ity. The UCA dosage is usually less than the dos-
age for the liver or kidney due to the intense and
long-lasting UCA enhancement in the spleen.

During scanning, UCA intensity, homogenic-
ity, and focal lesions should be observed.
Limitations for CEUS are the same as for B-mode
US imaging: difficult viewing of the subdia-
phragmatic and neighboring areas of the spleen
due to lung or colon gas overlay, great depth, or
small lesions (<1 cm).

In the arterial phase, a typically inhomoge-
neous pattern of UCA enhancement can be
observed in many patients. This is termed the
“tiger or zebra pattern” and thought to be caused
by different UCA velocities in splenic capillaries,
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pulpa, and sinusoids. Approximately 50 s post-
injection, the UCA enhancement should be
homogeneous throughout the spleen. General
signs of benign lesions are persistent iso-
enhancement or absent enhancement with avas-
cularity of the lesion (e.g., a cyst). Signs of
malignancy are a washout phenomenon or a
hypo-enhancement in the late parenchymal
phase.

13.3 Spenunculi or Accessory
Spleens, Splenosis,

and Polysplenia

Accessory spleens are very common and seen in
an overall prevalence of 15% in a meta-analysis
of 22,487 patients [2, 6]. Identification of sple-
nunculi is particularly important in patients with
immune thrombocytopenia requiring splenec-
tomy as unrecognized accessory spleens may
increase in size after splenectomy and responsi-
ble for refractory symptoms. The location of a
spenculus is most often at the hilum or lower pole
of the spleen, but may also be found within the
pancreas or elsewhere in the abdomen.
Splenunculi have the same B-mode ultrasonogra-
phy (US) appearance and the same contrast
enhancement characteristics of the normal
spleen. This may be important in the diagnosis of
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ectopic splenic tissue in the pancreatic tail or
elsewhere in the abdomen, particularly after trau-
matic splenic rupture, and in the differential diag-
nosis of lymph nodes at the splenic hilum. The
post-traumatic splenic auto-transplantation of
splenic tissue in the abdomen is called splenosis.
Contrast-enhanced ultrasound can identify the
characteristic persistent late-phase enhancement
of splenic tissue and may be useful in splenosis
[7]. Polyspenia is most commonly associated
with syndromes such as heterotaxy and is usually
diagnosed on the B-mode US.

13.4 Anomalies of Position:
Wandering Spleen

A “wandering spleen” is a hyper-mobile, abnor-
mally positioned ectopic spleen and may be an
excellent indication for CEUS if painful torsion
is suspected, congestion or infarction occurs due
to the mobility [8, 9]. It is a rare and possibly
congenital condition due to abnormally lax liga-
ments failing to keep the spleen in the anatomical
position. The correct and early diagnosis is chal-
lenging, especially in children with symptoms
ranging from none, recurrent abdominal pain to
acute abdomen in case of torsion or infarction [9,
10]. The main CEUS finding is a non-
enhancement in the infarcted areas (Fig. 13.1).

Fig. 13.1 Infarction of a wandering spleen. (a) The
spleen (arrow) is present in the left iliac fossa, above the
psoas muscle (arrowhead) in a 9-year old boy with 3 days
of intractable abdominal pain, with identification of an
abnormal position of the spleen. (b) Following the admin-

istration of an UCA, there is only hilar vessel enhance-
ment (arrow) consistent with infarction in a “wandering
spleen.” (Courtesy of Annamaria Deganello and Maria
Sellars)
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13.5 SplenicInfarction

Splenic infarction is seen in children with
sickle-cell disease, after septic embolism in
bacterial endocarditis or myeloproliferative
diseases. In the early phase, infarction of the
spleen is often iso-echogenic (later hypo-echo-
genic), may be ill delineated on the B-mode
US, and may, therefore, be overlooked. After
administration of the UCA, non-enhancement
is often triangular in the configuration in the
spleen (wedge-shaped). Complications after
splenic infarction are liquification of the
affected parenchyma, hemorrhage, post-infarc-
tion splenic rupture, or splenic pseudoaneu-
rysm, all of which may be diagnosed using
CEUS [11, 12]. Splenic pseudoaneurysms are
particularly clinically relevant for the child
[13]. A study using CEUS in the assessment of
upper left quadrant pain and splenic inhomoge-
neity on the B-mode US in adults with focal
lesions found half of these lesions were splenic
infarction [11]. Recurrent splenic infarction
may lead to calcification, organ shrinkage, and
eventually functional asplenia/hyposplenia. In
functional asplenia, a reduced or even absent
CEUS enhancement in the parenchymal phase
can be suggestive [4].
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13.6 Focal and Diffuse Lesions
of the Spleen

13.6.1 Benign Focal Lesions
of the Spleen

13.6.1.1 Cystic Lesions

Simple cysts have a characteristic B-mode US
appearance; being round, anechoic with posterior
enhancement, with no vascularization on color
Doppler US and a thin smooth wall. Pseudo- or
secondary cysts are thought to be of traumatic or
inflammatory origin, containing blood or debris
in the early stage and with a thickened or a calci-
fied wall. In simple cysts, there is no indication
for a CEUS examination, only if the cyst is
thought complicated (Fig. 13.2). Hydatid cysts of
the spleen are uncommon in comparison to the
liver and seen in only 5% of patients with
Echinicoccal disease. After administration of a
UCA, there may be a hyper enhanced rim and no
enhancement in the center of the cyst.

13.6.1.2 Hemangioma

Cavernous hemangiomas are the most common
solid focal splenic lesion. Usually, hemangio-
mas appear well delineated, round, hyper-
echoic with sometimes with echo-poor regions

Fig. 13.2 Simple splenic cysts. (a) Contrast-enhanced
ultrasound of a simple splenic cyst (arrow) sometimes fol-
lowing trauma to the left flank and an incidental finding

on ultrasound. (b) A simple cyst (arrow) with a hypo-
enhancing line (arrowheads) towards the capsule
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and have no or few signals on color Doppler US
due to the slow blood flow. Calcification may
be present. On CEUS, a characteristic slow cen-
tripetal nodular rim enhancement can be
detected similar to that in hepatic hemangio-
mas. Hemangiomas may present solitary or
multiple (Fig. 13.3).

13.6.1.3 Lymphangioma

Lymphangiomas (lymphatic malformations) in
children are benign and can be found anywhere
in the body. Splenic manifestations are rare.
Lymphangiomas present on the B-Mode US as
an accumulation of well-delineated small or big
cysts with septae, containing a lymph-like fluid
and possibly debris. The cysts show no contrast
enhancement, whereas the septae can enhance
due to the presence of vessels (Fig. 13.4).

D. Franke and Z. Harkanyi

13.6.1.4 Hamartoma

Splenic hamartomas are also termed “splenoma,”
“nodular splenic hyperplasia” or “focal nodular
hyperplasia of the spleen” are rare congenital
benign vascular tumors, which are usually
asymptomatic and diagnosed incidentally.
Complications may be an increase in size and
rupture. They are of variable B-mode US appear-
ance: hypo-echoic and lobulated. The CEUS cri-
teria are a persistent hyper-enhancement of the
lesion and a spoke wheel pattern in the early
phase (Fig. 13.5).

13.6.1.5 Malignant Solid Lesions
Metastasis

Primary malignancy of the spleen and splenic
metastasis is rare in adults and children.

Fig. 13.3 Splenic hemangioma. (a) Hypoechoic solid
mass (arrow) in the spleen in a 16-year-old boy with no
prior clinical history. (b) On the CEUS image, the

hypoechoic lesion is seen to enhance (arrow, between cur-
sors) more than the surrounding spleen. (¢) A microvascu-
lar CEUS mapping image of the mass
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Fig. 13.4 Splenic lymphatic malformation. (a) Cystic
mass (arrow, between cursors) with multiple septa with no
vascularity on color Doppler US. (b) On the CEUS image

Fig. 13.5 Splenic hamartomas. (a) A 17-year-old patient
with multiple hypoechoic rounded lesions (arrows) pres-
ent in the spleen, with a history of sickle cell disease. (b)
Following the CEUS examination, the lesions (arrows)

Angiosarcoma and primary lymphoma are
reported [14]. Lymphoma is the most common
secondary lesion of the spleen in children and is
described below. There is limited data for the role
of CEUS in the detection and characterization of
splenic metastasis in adults and none in children.
Contrast-enhanced ultrasound was found to
improve the imaging of metastasis with respect to
sensitivity and specificity compared to B-Mode
US by 40% [15]. Most of the metastasis was

of the mass, there is no enhancement of the cystic compo-
nent but enhancement of the septations is present (arrows),
typical of a rare isolated splenic lymphangioma

are hyper-enhancing more than the adjacent spleen, and
remain hyper-enhancing throughout the examination.
(Courtesy of Maria Sellars)

hypoenhancing (66%) or complex (25%) in the
early arterial phase and 75% hypoenhancing in
the later parenchymal phase using CEUS.

Lymphoma

Involvement of the spleen is seen in approximately
10-30% of patients in Hodgkin’s lymphoma. The
spleen may be enlarged and the lymphoma lesion in
the spleen is usually hypo-echoic on B-Mode US,
with no alteration of the splenic vessels on colour-
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Doppler imaging. Following administration of the
UCA, an often-progressive hypo-enhancement in
the splenic lymphoma nodule is seen in the paren-
chymal phase (Fig. 13.6). However, splenic CEUS
cannot detect diffuse or small-nodular lymphoma
infiltration. Therefore, it is not a standard procedure
in lymphoma staging and is reported to have no
clear advantage in the diagnosis of lymphoma
splenic involvement in adults [16]. However, it has
been shown that CEUS provides higher sensitivity
than computed tomography (CT) or positron emis-
sion tomography-CT (PET-CT) in the detection of
splenic involvement in Hodgkin’s lymphoma [17].
There are currently no studies in children.

13.6.1.6 Splenic Abscesses

Due to the immune competence of the spleen, the
incidence of splenic abscesses is lower than for
the liver. Hematological spread may occur in bac-
terial endocarditis or even be attributable to fun-
gal infections in leukemia. The B-Mode US
appearance may be variable: well-or ill-

delineated, hypo-echoic or later hyper-echoic,
micro- or macro-abscesses containing air, debris
or liquid, with or without an abscess wall. A peri-
lesional hyper-enhancement is highly suggestive
of a splenic abscess during CEUS, with the cen-
ter of the mass usually showing no enhancement
(Fig. 13.7).

Fig. 13.6 Splenic lymphoma. (a) Hodgkin’s lymphoma
of the spleen in a 14-year-old boy, on B-mode with several
hypoechoic focal lesions (arrows) in the spleen. (b) The

CEUS examination depicts several lesions (arrows) with
persistent hypo-enhancement. The continuity of the
splenic vessels is respected

Fig. 13.7 Splenic abscess. (a) A 4-year-old child with
pain and fever. Longitudinal section through the spleen
with a hypoechoic round lesion and no vascularization on

color Doppler study (arrow). (b) The CEUS shows non-
enhancement within the lesion with a hyper-enhanced rim
around the abscess (arrows)
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Fig. 13.8 Splenic trauma. Following a splenic biopsy, a splenic band-like hematoma (arrow) with clinical evidence of
bleeding. The CEUS examination shows no enhancement over all phases at the hematoma site (arrow)

13.6.1.7 Splenic Trauma

In blunt or penetrating abdominal trauma, injury
of the splenic is common, despite the intra-
thoracic position of the spleen. However, B-Mode
US imaging is not sensitive in the detection of
small lacerations, particularly in the first 2 days
after the trauma. This is due to the initial iso-
echoic or hypo-echoic appearance of the lacera-
tion, and compression of the lesion a consequence
of surrounding parenchymal edema (Fig. 13.8).
Using UCA, the sensitivity of detection of a
splenic laceration increases from 51% to 92%
[18] as CEUS improves the visualization of any
non-vascularized defect [19, 20]. For low-energy
abdominal trauma, CEUS has been suggested as
the first-line imaging modality, especially in chil-
dren to minimize the radiation burden [21], and
also for the detection and management of follow-
up complications. In the detection of the splenic
pseudoaneurysm, CEUS appears to be highly
sensitive and specific for diagnosis and follow-up
[13]. In a cohort of adult patients, Poletti et al.
described a 75% sensitivity and 100% specificity
of the CEUS examinations in abdominal trauma
[22], concluding that CEUS may be useful for the

screening of delayed traumatic splenic pseudoan-
eurysms. The incidence of post-traumatic splenic
pseudoaneurysms may be higher than previously
predicted with approximately 9% in a pediatric
cohort [13]. A splenic of hepatic pseudoaneu-
rysm has potentially life-threatening rupture
often with a delayed presentation. The incidence
of pseudoaneurysms in the liver seems to be
higher than in the spleen. Monitoring after embo-
lization or spontaneous thrombosis of the pseu-
doaneurysms can be performed using CEUS with
possible detection of pseudoaneurysms smaller
than 0.5 cm, where the detection frequency with
CT would be lower. Using CEUS instead of
contrast-enhanced CT, radiation exposure can be
reduced, costs are lower, and bedside practice is
possible. No association was found between the
grade of trauma and the occurrence of pseudoan-
eurysms of the spleen or liver [13]. Follow-up
CEUS after a splenic injury can be performed
after major trauma, in suspected fractures or rup-
ture of the spleen, delayed vascular injury, to rule
out pseudoaneurysms, in hemodynamic unstable
children, and in case of secondary active bleeding
[23, 24] (Fig. 13.9).
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Fig. 13.9 Splenic
contusion after blunt
trauma. In a 10-year-old
girl with blunt trauma to
the spleen, the CEUS
images demonstrate a
large contusion (arrow,
between cursors) of the
spleen in the
subdiaphragmatic
region. The patient was
treated conservatively

Table 13.1 Indications for pediatric CEUS of the spleen

Trauma

Unclear focal splenic lesions
Complicated cysts

Infarction

Functional asplenia/hyposplenia
Abscess

Table 13.2 Differential diagnosis of cystic and solid
focal splenic lesions

Cystic focal lesions
* Congenital cyst
¢ Post-traumatic cyst
* Splenic abscess (cystic or mixed)
* Infectious cyst
 Splenic lymphangioma
» Hydatid disease
Solid focal lesions
¢ Hemangioma
e Lymphoma
* Hamartoma
¢ Granulomatosus disease (sarcoidosis,
tuberculosis)
* Metastases

13.6.2 Diffuse Lesions of the Spleen

Diffuse splenic involvement may be caused by
diffuse lymphoma infiltration, sarcoidosis with
diffuse manifestation or small nodules, tubercu-

D. Franke and Z. Harkanyi

Dist
Dist

575 cm
216 cm

losis, fungal microabscesses from Candida,
Aspergillus or Cryptococcous, and Niemann Pick
disease. CEUS investigations may reveal a
delayed global enhancement or a more prolonged
early phase inhomogenicity. However, these
changes are not constant or specific [25] (Tables
13.1 and 13.2).

13.7 Conclusion

Contrast-enhanced ultrasound has the potential to
become a landmark in the diagnostic improve-
ment of imaging of splenic lesions in children
without the need for general anesthesia or radia-
tion exposure.
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14.1 Background

14.1.1 Vesicoureteral Reflux

Vesicoureteral reflux (VUR) is the retrograde
flow of urine from the bladder to the ureter or
kidney. VUR occurs due to functional or struc-
tural insufficiency of the one-way valve-like
mechanism around the ureteric orifice at the vesi-
coureteral junction [1, 2]. The valve is formed by
the oblique insertion of the distal ureter through
the bladder wall. This tunnel is compressed as the
bladder fills preventing the backflow of urine.

In primary VUR, a congenital defect shortens
the length of the ureteric tunnel relative to its
diameter, making the valve-like anti-reflux mech-
anism incompetent [2]. Secondary VUR is an
acquired condition that occurs in association with
functional abnormalities of the lower urinary
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tract (e.g., bladder bowel dysfunction or neuro-
genic bladder) or as a result of anatomic outlet
obstruction (e.g., posterior urethral valves).

The estimated prevalence of VUR in the gen-
eral pediatric population is low ranging from
1% to 2% [3]. However, in children who present
with urinary tract infection (UTI), the frequency
of VUR can be as high as 25-40% in those
under 5 years and up to 50% in those younger
than 1 year [3, 4]. A familial prevalence of VUR
has been described with a rate of 24-51% in sib-
lings and 66% in children whose parents had
VUR [5].

VUR nephropathy may occur due to recurrent
UTTs and pyelonephritis and can lead to substantial
morbidity including renal scarring, increased risk of
hypertension, and end-stage renal disease [6-8].

The management of children with UTI and
VUR remains controversial [9]. In most children,
even high grades of VUR will spontaneously
resolve over time and low grades may not require
treatment. Moderate to severe grades of VUR may
be treated with antibiotic prophylaxis to prevent
recurrent UTIs and correction of bladder and
bowel dysfunction if present [10]. Injection of a
bulking agent around the vesico-ureteric junction
is a minimally invasive approach to treating VUR
[11]. Surgical intervention may be needed in chil-
dren who have recurrent infections along with
high-grade VUR [12]. Therefore, VUR imaging
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in children is of great importance to determine
reflux severity and plan for clinical management.

14.1.2 Imaging of Vesicoureteral
Reflux

For many decades, fluoroscopic voiding cystoure-
thrography (VCUG) and radionuclide cystography
(RNC) have been the standard modalities for VUR
imaging. However, both of these methods expose
the ovaries and testes to ionizing radiation.

In the early 1980s, a radiation-free alternative
method was developed using ultrasonography
and ultrasound contrast agents (UCA), nowadays
termed contrast-enhanced voiding urosonogra-
phy (ceVUS). Initially, first-generation UCA,
comprised of air-filled microbubbles stabilized
with galactose and palmitic acid, was used for
ceVUS [13-15]. Levovist® (Schering AG, Berlin,
Germany) was the first of these UCA to obtain
approval for intravesical pediatric use in some
European countries, but later the pharmaceutical
company voluntarily withdrew Levovist® from
the market as better UCA emerged.

In the early 2000s second-generation UCA,
composed of gas-filled microbubbles, became com-
mercially available. SonoVue® (Bracco Imaging
S.p.A., Milan, Italy), or known as Lumason®
(Bracco Diagnostics Inc., Monroe Township, NJ,
USA) in the United States, is the most commonly
used second-generation UCA for ceVUS in chil-
dren. It consists of sulfur hexafluoride gas micro-
bubbles stabilized within a phospholipid outer shell.
The improved physical and chemical characteristics
of SonoVue® increased the stability and enhanced
echogenic effect of the microbubbles [16, 17]. This
combined with the continuous improvement of the
ultrasound imaging techniques and contrast-spe-
cific software further boosted the diagnostic perfor-
mance of ceVUS, allowing the detection of
extremely small quantities of the UCA.

Since the past 20 years, ceVUS has been per-
formed extensively in Europe and has been
shown to be a safe and highly sensitive imaging
method for the detection and grading of
VUR. More recently ceVUS has been used for
urethral pathology. Numerous studies detail the
comparative performance of ceVUS with VCUG

and RNC with cumulative evidence of the high
diagnostic accuracy of ceVUS [18-38]. As a
result of this experience, ceVUS is performed as
the first and only imaging examination in several
radiology departments, completely replacing the
two other reflux imaging studies [22, 32, 39].

In 2012, the European Society of Pediatric
Radiology (ESPR) endorsed ceVUS examination
for the first time in the imaging recommendations
and guidelines published in the field of pediatric
uroradiology [40]. At the same time, the European
Federation of Societies for Ultrasound in
Medicine and Biology (EFSUMB) launched an
updated set of guidelines on the applications of
contrast-enhanced ultrasound including the use
of ceVUS in children with an emphasis on the
indications, technical performance, safety, and
diagnostic efficacy of the examination [41, 42].

In 2014 SonoVue® was introduced for the first
time in the United States market under the trade
name Lumason® In 2016 Lumason® received
approval by the United States Food and Drug
Administration (FDA) for intravesical applica-
tions of reflux and urethral imaging studies in
children and in 2017 SonoVue® was also approved
by the European Medicines Agency (EMA) for
the same indication, opening new possibilities for
the wider acceptance of this technique. Optison™
(GE Healthcare Inc., Princeton, NJ) is another
second-generation UCA commercially available
in the United States that has been used off-label
for ceVUS in a prospective clinical trial and a
couple of case reports [20, 43, 44].

14.1.3 Indications for Reflux Imaging

The National Institute for Health and Clinical
Excellence (NICE) in 2007 and the American
Academy of Pediatrics (AAP) in 2011 revised
their UTI guidelines for febrile infants and young
children [45, 46]. The updated guidelines now
emphasize on identifying children who are most
at risk for UTI and long-term sequelae, tailoring
investigations and management to prevent future
renal damage.

Imaging investigation for VUR detection is now
recommended in children after the first febrile UTI
if ultrasonography shows urinary tract dilation,
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scarring or other findings that would suggest high-
grade VUR or obstructive uropathy, as well as in
other atypical or complex clinical circumstances.
In view of these updated guidelines, the implemen-
tation of ceVUS provides a radiation-free imaging
alternative for VUR imaging that can be used for
the initial diagnosis, follow up, as well as for
screening siblings of children with known reflux.

14.2 How to Perform ceVUS

The ceVUS examination is performed in a similar
manner to VCUG [47]. The urinary bladder is
catheterized and filled in a retrograde manner with
UCA and saline under continuous, real-time ultra-
sound (US) surveillance using contrast specific,
harmonic imaging software with low mechanical
index techniques. For newborns and infants, a 2-9
MHz linear or 5-8 MHZ convex transducers are
used, whereas for older children a convex multi-
frequency (1-5 MHz) transducer is used [22, 47].

Initially, aseptic bladder catheterization is per-
formed using a small catheter without a retention
balloon (feeding tube catheter). The size of the
catheter varies according to the child’s age and
usually ranges from 5 to 8 French. Then, the UCA
is reconstituted according to the manufacturer’s

package instructions and it is administered into the
bladder. Two techniques have been described in
the literature for intravesical UCA administration:

1. Injection technique: UCA is directly injected
into the partially filled bladder, which is then
filled with normal saline via gravity up to the
point of voiding or at least maximum expected
bladder capacity in milliliter as calculated by
the formula (age + 2) x 30 [48]. In this tech-
nique, a bolus dose of 0.5-1 mL of SonoVue®
is reported to be sufficient for optimal ceVUS
performance [32, 36].

2. Infusion technique: UCA is initially diluted
in a normal saline bag and then the solution
is infused into the bladder by gravity.
Usually, 0.5 or I mL of SonoVue® is diluted
into a 250 or 500 mL of a normal saline bag,
to produce a solution of 0.2% of UCA/nor-
mal saline, although a dose up to 1% of the
bladder capacity is described [22, 23]. Using
Optison™, a 0.2% Optison™/normal saline
solution is sufficient [20]. Optimal bladder
filling results in a homogenous bladder dis-
tribution, which allows for better delineation
of the posterior bladder wall and better
imaging of a retro-vesical portion of the ure-
ters (Fig. 14.1). The infusion technique is

Fig. 14.1 Optimal concentration of the UCA within the
urinary bladder. Grayscale (left) and contrast mode (right)
with contrast microbubbles homogenously distributed

within the bladder. The retro-vesical space is well seen
behind the posterior wall of the urinary bladder. A strong
acoustic shadow is related to the bladder catheter (arrow)



144

considered to be advantageous to have a
homogenous UCA concentration without
causing strong acoustic shadowing [22].

During the filling and voiding phases, real-
time scanning of the bladder and right and left
kidney is performed alternatively in longitudinal
and transverse planes with the child lying in
supine, prone, or decubitus positions. A lateral
approach in the coronal plane through the flank
may enable simultaneous depiction of the entire
urinary tract including the bladder, ureters
throughout their course and the kidneys in a sin-
gle image [22] (Fig. 14.2).

When the child voids, the urethra is evalu-
ated, with and without a catheter present, using
a suprapubic or trans-perineal/trans-scrotal
approach in boys and usually a suprapubic or
trans-perineal/trans-labial approach in girls
[22, 23, 29, 49] (Figs. 14.3, 14.4, and 14.5). In
infants, more than one ceVUS filling/voiding
cycle is generally performed with the catheter
left in place during voiding [50]. In older chil-
dren, the catheter can be removed once the
expected bladder capacity is reached, and the
child voids.

The refluxing UCA is depicted as echogenic
microbubbles flowing retrograde within the uri-
nary tract. Depending on the anatomic level of
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urinary tract involvement and the volume of
refluxing UCA, VUR can be graded with ceVUS
into a five-grade scale in a similar manner as in
VCUG [51].

During continuous US scanning, the region of
interest can be depicted in a single image in con-

Fig. 14.2 Coronal view from the flank. Contrast mode
image. The signal from the background soft tissues has
been suppressed and only the bright echoes from the
refluxing microbubbles can be identified within the pelvi-
calyceal system and ureter. The left kidney is scanned in
the coronal plane from the flank. From this view, the
entire urinary tract from the pelvicalyceal system (arrow)
to the bladder dome (dashed arrow) can be visualized in a
single image and thus the degree of ureteral tortuosity
(arrowhead) is better evaluated

Fig. 14.3 Normal male urethra. Suprapubic approach.
Grayscale (left) and contrast mode (right). In this tech-
nique, the ultrasound transducer is placed in the low
suprapubic region, just above the pubic bone. The struc-
ture closer to the ultrasound transducer is the bladder

neck. Echogenic microbubbles are seen flowing from the
bladder through the urethra lumen (arrow) during micturi-
tion. The bladder catheter (arrow) remains in situ during
micturition
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Fig. 14.4 Normal male urethra. Trans-perineal approach.
Contrast mode image. In this technique, the ultrasound
transducer is placed in the midline of the perineum. The
structure closer to the ultrasound transducer is the anterior

Fig. 14.5 Normal female urethra. Suprapubic approach.
Grayscale (left) and contrast mode (right) with echogenic
microbubbles are seen flowing from the bladder (asterisk)
through the urethral lumen (arrow) during micturition,

trast specific mode or as a dual display where the
US screen is split into two parts and the region of
interest is depicted simultaneously in grayscale
and contrast modes. The dual display is helpful
to serve as a reference image to maintain trans-
ducer positioning over the region of interest.
Contrast specific algorithms have been devel-
oped to increase the conspicuity of microbub-
bles. Contrast US technology combines low

urethra (arrowheads). The posterior urethra (arrow) is nor-
mal. Echogenic microbubbles are seen flowing from the
bladder (asterisk) through the urethra lumen during
micturition

which appears with normal conical configuration. The
bladder catheter remained in situ during micturition
(arrowhead)

mechanical index and intermittent pulse US
technology that decreases the breakage of the
microbubbles under the US acoustic pressure.
Subtraction techniques provide effective separa-
tion between the background tissues and the
contrast agent signals for improved diagnostic
information and shortened examination time.
Color overlay mode combines the contrast agent
and grayscale signal for real-time anatomic and
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contrast information display simultaneously in a
single image.

14.3 Interpretation of ceVUS

Imaging Findings
14.3.1 Reflux Grading

VUR grading for ceVUS was adopted from scor-
ing systems established for other reflux imaging
examinations [51]. The most commonly used
VUR scoring system was initially proposed for
the International Reflux Study in Children (IRSC)

S.J.Backetal.

to describe findings on VCUG [52]. It uses a 1
(lowest) to 5 (highest) scale based on whether
contrast material refluxes only into the ureter or
reaches the upper collecting system as well as the
degree of ureteral dilation and tortuosity, and
upper collecting system dilation. The ceVUS
VUR grading proposed by Darge and Troeger is
an extrapolated classification derived from the
IRSC fluoroscopic scoring and built on earlier
authors’ experience with voiding sonographic
examinations using saline and first-generation
UCA [51] (Figs. 14.6, 14.7, 14.8, 14.9, and
14.10). US has the added advantage over VCUG
and RNC in that it depicts pre-existing urinary

Fig. 14.6 Ureteral reflux. Grayscale (left) and contrast
mode (right). Behind the bladder, the retro-vesical part of
the right ureter can be visualized moderately distended and

[

filled with echogenic microbubbles (arrow). The dilated left
distal ureter is filled with clear anechoic fluid content thus
demonstrating the absence of reflux (arrowhead)

Fig. 14.7 Grade II reflux. Grayscale (left) and contrast mode (right) of the right kidney. Refluxing microbubbles can
be identified within the pelvicalyceal system of the right kidney, which is not dilated (arrow)
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Fig. 14.8 Grade III VUR. Contrast mode images of the right kidney longitudinal (left) and axial (right) planes. There
is moderate dilation of the renal pelvis and calyces with minimal blunting of the fornices (arrow)

Fig. 14.9 Grade IV VUR. Contrast mode image of the
right kidney. Echogenic microbubbles are seen within the
dilated pelvis and calyces (arrow) with blunting of forni-
ces. The papillary impressions are preserved

tract dilation prior to a VUR event. The initial
ceVUS scoring system proposed “a” and “b”
subcategories for each of the five grades of reflux
denoting if the system was primarily nondilated
or dilated, however, this notation has not been
widely used. The five reflux grades are:

e Grade I: refluxing UCA microbubbles reaches
the ureter.

e Grade II: refluxing UCA microbubbles reach
up to the pelvicalyceal system, without dila-
tion of the pelvicalyceal system.

Fig. 14.10 Grade V VUR. Contrast mode image of the
right kidney in the longitudinal plane. Echogenic micro-
bubbles are seen within the severely dilated pelvis and
calyces (arrows), with loss of the papillary impressions
and tortuously dilated proximal ureter (arrowhead)

e Grade III: refluxing UCA microbubbles reach
up to the pelvicalyceal system, which is mildly
dilated, but with no significant change of the
renal calyceal contour.

e Grade IV: refluxing UCA microbubbles
reach up to the pelvicalyceal system, which
is moderately dilated with blunting of the
renal fornices but papillary impressions still
visible.

e Grade V: refluxing UCA microbubbles reach
up to the pelvicalyceal system, which is
severely dilated with loss of papillary impres-
sions and tortuous course of the ureter.
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Less often a three-grade scoring system, such
as the one used to grade VUR by RNC, is used
for ceVUS [15, 38]. Of note, in an in-vitro exper-
iment, it was shown that UCA microbubbles do
not passively ascend into the upper urinary tract,
and therefore the demonstration of microbubble
in the renal collecting system corresponds to
active VUR [53].

The less common phenomenon of intrarenal
reflux is detectable by ceVUS and was compara-
ble to detection by VCUG in a small series [43,
54]. With the more advanced contrast specific US
modalities, intrarenal reflux appears to be

detected more frequently. While not a component
of the reflux scoring system, identification of
intrarenal reflux may aid in risk stratification for
renal scarring [54] (Fig. 14.11). Intrarenal reflux

Fig. 14.11 Intrarenal reflux. Contrast mode image.
Echogenic microbubbles are extend from the calyces dif-
fusely into the renal parenchyma (arrows)

S.J.Backetal.

is usually associated with compound papillae,
which are more frequently found in the upper
pole, and to a lesser extent in the lower pole of
the kidney [55].

ceVUS can also provide anatomic details
about the morphology of the pelvicalyceal sys-
tem and detect reflux in cases of complete or par-
tial ureteral duplication (Figs. 14.12 and 14.13).

14.3.2 Urethra

Assessment of the urethra for the presence of
posterior urethral valves (PUV) is an important
part of the evaluation of the urinary tract in male
infants and those with signs and symptoms sug-
gesting lower urinary tract obstruction. Teele and
Share [56] and Cohen et al. [57] separately
described the utility of trans-perineal US to eval-
uate the bladder base and urethra in children and
showed this approach was complimentary and
favorable when compared with trans-pelvic
imaging in a non-voiding infant. Using VCUG as
a gold standard, Good et al. evaluated the diame-
ter of the obstructed and non-obstructed posterior
male urethra at rest and with voiding [58]. They
showed significant differences in the diameter of
the posterior urethra between non-voiding and
voiding in both the non-obstructed and obstructed
states. The non-obstructed posterior urethra had a
mean diameter of | mm pre-void compared with
4 mm while voiding; and obstructed urethras had
a mean diameter of 4.5 and 10 mm pre-void and

Fig. 14.12 Vesicoureteral reflux into a duplicated col-
lecting system. Contrast mode of a duplex left kidney.
There is reflux Grade III to the lower pole of the kidney
(arrow) and mild dilation of the proximal ureter (arrow-

head). There is no reflux to the upper renal pole (dashed
arrow) in keeping with complete duplication of the col-
lecting system



14 Contrast-Enhanced Voiding Urosonography (ceVUS): Current Experience and Advanced Techniques

149

Fig. 14.13 Duplex kidney incomplete duplication. The
right kidney has a duplex configuration. Echogenic micro-
bubbles are seen refluxing into the dilated upper (dashed
arrow) and lower (arrow) poles. At a lower level, the two
separate ureters (arrowheads) are moderately dilated and

both filled with echogenic microbubbles. These findings
are suggestive of a partially duplicated collecting system
with two ureters joined together into one distal ureter
inserting into the bladder

Fig. 14.14 Normal male urethra. Trans-perineal
approach. Grayscale (left) and contrast mode (right). The
image is rotated 180° to resemble the classic voiding cys-
tourethrography examination. The ultrasound transducer
is placed in the midline of the perineum. During micturi-
tion, the urethral lumen is filled with echogenic micro-
bubbles which are seen flowing from the bladder

voiding, respectively [58]. Applying a cut-off of
6 mm for the posterior urethra during voiding
yielded a sensitivity of 100% and specificity of
89% for obstruction [58] (Figs. 14.14 and 14.15).

Using Good et al.’s threshold of 6 mm, Mate
et al. identified abnormal urethras in 4 of 224

(asterisk). The structure closer to the ultrasound trans-
ducer is the anterior urethra (arrowheads). The posterior
urethra (arrow) is normal in caliber and configuration. The
difference in the caliber between the posterior and ante-
rior urethra should not exceed 2 mm. (Courtesy of Dr.
C. Duran. Parc Tauli University Hospital, Sabadell,
Barcelona, Spain)

boys, assessing for PUV, examined with the first
generation galactose based UCA during ceVUS
and confirmed the findings with VCUG [59].
Bosio and Manzoni correctly identified 8 of 100
boys with PUVs using ceVUS by assessing for
dilation of the posterior urethra, delayed passage
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Fig. 14.15 Normal male urethra. Trans-perineal
approach. Serial images. Contrast mode serial images. All
images are rotated 180° clockwise to resemble the classic
voiding cystourethrography examination. The ultrasound
transducer is placed in the midline of the perineum. The
catheter is withdrawn from the bladder (asterisk) during

of UCA through a narrowed segment, and less
distension of the anterior urethra [60]. Findings
were confirmed with VCUG. Following their ini-
tial publication, the group added an additional
110 boys in their study and recognized PUV in
one child using similar criteria to their initial
group. Recently, Duran et al. showed that newer,
more stable second-generation UCA could be
reliably used to image the urethra [29].
Independently, Berrocal et al. [61] and Duran
et al. [29, 49] derived similar normative measure-
ments of the urethra obtained while voiding during

voiding. The urethra is filled with echogenic microbub-
bles. The posterior (arrow) and anterior (arrowhead) ure-
thra are normal. The bladder empties completely.
(Courtesy of Dr. C. Duran. Parc Tauli University Hospital,
Sabadell, Barcelona, Spain)

ceVUS in boys and girls. They showed that ure-
thral assessment is no longer a limitation to the use
of ceVUS as a primary evaluation of the urinary
tract in children and particularly in boys. The
authors respectively reported normal posterior
male urethral measurements during voiding of
63 = 0.66 mm (range: 3.7-7.2 mm) and
6.4 + 0.78 mm (range: 4-9.2 mm); and anterior
male urethral values of 6.1 + 0.81 mm (range:
2.8-7.1 mm) and 5.8 =+ 0.91 mm (range: 3.3—
8.9 mm) [29, 61]. For girls, Berrocal et al. reported
a mean urethral diameter during voiding of 4.2
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Fig. 14.16 Spinning top urethra and vaginal reflux.
Suprapubic approach. Contrast mode image of the urethra
during micturition depicting the “spinning top” urethral
morphology (arrow) as well as intravaginal reflux (arrow-
head). “Spinning top” urethra refers to the non-obstructive
widening of the posterior urethra that occurs in girls with
a weak bladder neck mechanism and concomitant volun-
tary contraction of the distal sphincter. It is considered
suggestive of functional discoordinate voiding or bladder
instability. The bladder (asterisk) is filled with echogenic
microbubbles

+ 1.01 mm (range: 2.5-7.8 mm) and Duran a mean
diameter of 5.9 + 1.1 mm (range: 4-9 mm) [61].

In addition to posterior urethral valves, ceVUS
has depicted urethrovaginal reflux, spinning top
urethra, anterior urethral valves, urethral divertic-
ula, prostatic utricles, and bulbar strictures [22, 23,
29, 49, 61] (Fig. 14.16). Patel et al. reported a case
of duplicated urethra seen during ceVUS [62].

14.3.3 Diagnostic Comparisons:
ceVUS vs VCUG and RNC

Multiple studies have shown that ceVUS has
high diagnostic sensitivity and specificity com-
pared to VCUG and RNC for detection and
grading or reflux [63]. Up to 2019, 20 original
research studies have been published entailing
the comparative performance of VCUG and
ceVUS with the use of second-generation UCA,

most commonly SonoVue® and to a lesser
extent Optison™. In these studies, more than
2600 children have been included and more
than 5200 pelvi-ureter-units (PUUs) have been
analyzed. In most studies, the diagnostic per-
formance of ceVUS was reported to be at least
comparable to standard VCUG and RNC and in
many studies even higher [18-20, 22-29, 31—
34, 36, 39, 43, 44, 64-67]. Overall, it is consid-
ered that ceVUS detects approximately 10%
more reflux cases compared to VCUG [50, 63].
Most important is to note that 70% of reflux
cases detected only on ceVUS were of higher
grades (II-V) and thus of higher clinical signifi-
cance [68]. The high sensitivity of ceVUS
might be explained by the fact that even a few
refluxing microbubbles can be easily depicted
with advanced contrast-specific software,
whereas in VCUG, a larger amount of refluxing
iodinated contrast is required to be visualized
especially in the presence of pre-existing uri-
nary tract dilation. Moreover, the lack of ioniz-
ing radiation enables prolonged, real-time
examination of each kidney separately and thus
higher sensitivity in detecting intermittent or
intrarenal reflux [50, 54, 68].

On the other hand, VCUG has a higher sensi-
tivity to detect grade I reflux, because the reflux-
ing retro-vesical ureters may be difficult to
delineate from their echogenic surroundings, par-
ticularly if these are non-dilated [63]. However,
grade I reflux is of uncertain clinical significance
and in many cases does not even require
treatment.

In a recent meta-analysis including a total of
12 comparative ceVUS studies using VCUG as
the reference standard and performed in 953 chil-
dren, the pooled diagnostic accuracy parameters
for ceVUS in detecting VUR in children were as
follows: sensitivity 90.43% (95% CI 90.36—
90.50), specificity 92.82% (95% CI 92.76—
92.87), calculated positive likelihood-ratio 12.59
(95% CI 12.49-12.68), negative likelihood-ratio
0.103 (95% CI 0.102-0.104), and extrapolated
pooled diagnostic odds ratio was 122.12 (95% CI
120.75-123.49) [35, 37].
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sinus.

Fig. 14.17 Urogenital
Contrast mode image depicts a long urethra (arrow) in this
infant with ambiguous genitalia. A communication
(arrowhead) between the posterior urethra and the vagina
(asterisk) was seen during the voiding phase of the exami-
nation. Contrast material filled the vagina

Suprapubic approach.

14.3.4 Retrograde Urethrography

Sonourethrography was first described by
McAninch et al. in 1988 [69]. It is performed
after catheterization of the urethra and retrograde
filling with normal saline. In the literature, its use
is primarily described in adults where the detec-
tion of strictures is comparable to fluoroscopic
retrograde urethrography (RUG) [70]. There is
reportedly improved sensitivity for measurement
of stricture length and diameter with sonoure-
thrography versus fluoroscopic retrograde ure-
thrography (RUG) when compared with operative
findings, especially shorter strictures, which is
attributed to differences in positioning and degree
of penile stretch during the examination [70, 71].
Some authors found the radiographic technique
underestimated stricture length despite concerns
about magnification, while others concluded
RUG has expected over-measurement of stricture
length due to magnification [72]. Because proce-
dures to repair urethral strictures are predicated
on their length, accurate measurement is crucial
for surgical planning. Sonourethrography can
also detect spongiofibrosis, not appreciated by
RUG, that can guide surgical management [70,
71]. In a retrospective analysis of 12 adolescent
patients, mean age 16.9 years (range 9.5-20.8
years), sonourethrography had similar benefits as
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shown in adults with improved measurements
and detection of fibrosis [73].

The addition of UCA has improved visualiza-
tion of adult urethras during sonourethrography
in the assessment of trauma [74], diverticula and
incontinence [75, 76], as well as long, narrow
strictures [72].

14.3.5 Complex Genitourinary
Anatomy

In a similar manner to RUG and sonourethrogra-
phy, a persistent genitourinary sinus can be
depicted with UCA administration [22]. The
UCA instilled in the urinary bladder may reflux
into the vagina and show a common channel of
the urethra and lower [77, 78] (Fig. 14.17).
Rectourethral communication has also been
shown after the administration of UCA instilled
into the mucous fistula of patients with imperfo-
rate anus [79].

14.4 Advanced Techniques
14.4.1 3D/4D ceVUS

Currently, ceVUS procedure is based on the stan-
dard two-dimensional (2D) US techniques that
provide still images and dynamic cinematic clips
of the urinary tract for anatomic imaging and
morphological evaluations. However, in recent
years, ongoing innovations in sonographic equip-
ment have led to the development of three-dimen-
sional (3D) and four-dimensional (4D) US
techniques that are gaining popularity in the field
of pediatric uroradiology [33, 80]. 3D/4D US
enables static and real-time multiplanar sono-
graphic imaging simultaneously in all orthogonal
planes and offline volume rendering reconstruc-
tions for selective display of specific tissue
components.

These advanced US techniques coupled with
contrast imaging options can further expand the
diagnostic capability of ceVUS improving volu-
metric measurements and providing detailed
visualization of contrast within the pelvicalyceal
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Fig. 14.18 3-D rendering. (a) 2D grayscale (left) and
contrast-enhanced (right) ultrasound images of the right
kidney in the sagittal plane demonstrating contrast mate-
rial filling the right renal collecting system (arrows)
including the renal pelvis and calyces. (b) 3D rendered
image demonstrating contrast opacification of the right
renal collecting system including the pelvis (arrows),
calyces (asterisks), and ureter (arrowheads) to better

system. A recent study by Wozniak et al. demon-
strated that 3D/4D US data acquisition provides
increased anatomic information that can poten-
tially improve the diagnosis and predominantly
the grading of VUR. In addition, 3D/4D US
allows for a more realistic display of reflux thus
enhancing comprehensive communication with
the clinicians [33, 80] (Fig. 14.18).

14.4.2 Intraoperative ceVUS

ceVUS has been increasingly applied as a useful
tool to assess the effectiveness of anti-reflux
medical and surgical treatment. Although medi-
cal treatment with prophylactic antibiotics

advantage than 2D static images. Improved visualization
of the calyceal dilation in multiple angles facilitates grad-
ing and gives the ability to upstage the vesicoureteral
reflux. (¢) 3D rendered image demonstrating contrast
opacification of the female urethra during voiding (arrow-
heads). (Courtesy of Dr. Magdalena Wozniak, Uniwersytet
Medyczny w Lublinie, Poland)

remains the mainstay for initial management of
VUR, in children with severe reflux and break-
through pyelonephritis, progressive renal scar-
ring despite antibiotics and  associated
ureterovesical junction abnormalities surgical
management may be required. Laparoscopic or
open surgery with reconstruction of the uretero-
vesical junction is generally considered the gold
standard and aims to create a lengthened submu-
cosal tunnel for the ureter. Endoscopic treatment
of VUR with an injection of biocompatible bulk-
ing agents underneath the intravesical portion of
the ureter is an alternative option due to low sur-
gical morbidity and comparable success rates,
reserving surgical treatment for persistent or
unsuccessful cases. In this technique, the injec-
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tion of the bulking agent into the submucosal
space under fluoroscopic guidance aims to
achieve narrowing of the ureteral lumen to pre-
vent VUR. Subsequent performance of intraop-
erative ceVUS enables direct monitoring of the
effectiveness of the bulking agent within the
operation room. This is important in cases of per-
sistent VUR in which repeated injections of the
bulking agents can be performed during a single
endoscopic treatment session [81]. Finally,
ceVUS can be used as a follow-up imaging study
in children undergoing medical or anti-reflux sur-
gery to ensure effective management without the
risk of further radiation.

14.5 Safety

There is a large volume of published data
regarding the safety of intravesical UCA admin-
istration. To date, 15 original studies were pub-
lished on ceVUS  with intravesical
administration of SonoVue®/Lumason® [18,
23-26, 28, 31-34, 36, 38, 64, 65, 81] and three
original studies were published on ceVUS with
intravesical administration of Optison™ [20,
43, 44] including in total more than 2300 chil-
dren. In the majority of these studies, clinical
evaluation for possible adverse events was per-
formed, and safety data were collected and
reported. There were no serious adverse events
reported in any of these studies. In the largest
study dedicated to safety, including 1010 chil-
dren who underwent only ceVUS examination,
a few minor adverse events following the pro-
cedure occurred in 37 children, accounting for
3.66% of the study population [32]. These
symptoms include dysuria, urinary retention,
abdominal pain, anxiety and crying during mic-
turition, blood and mucous discharge, increased
frequency of micturition, vomiting, perineal
irritation, and urinary tract infection. The type
and the frequency of these adverse events were
similar to those encountered with VCUG or
RNC and were most likely related to the inevi-
table bladder catheterization rather than the
contrast agent itself [82].

14.6 Conclusion

ceVUS has come a long way and is now recog-
nized as a modality that can replace VCUG and
RNC. It has high diagnostic efficacy coupled
with a high safety profile. The added value in
terms of patient comfort is an important attribute,
too. With the pediatric approval of UCA for
reflux diagnosis in children both in the United
States and Europe, it is expected that there will be
a steady widespread implementation of ceVUS
so that it becomes the predominant imaging for
VUR in children worldwide.
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15.1 Introduction

Ultrasound (US) is the first-line imaging modal-
ity for assessment of pediatric scrotal disease.
Symptoms in both children and adults are often
non-specific and associated with abnormalities
requiring different therapeutic approaches, either
surgical or conservative, with imaging playing a
pivotal role in the differential diagnosis. With the
multiple US techniques available (grayscale
imaging, color and power Doppler techniques),
US is capable of readily addressing clinical ques-
tions and establishing the diagnosis [1]. The
introduction of contrast-enhanced ultrasound
(CEUS) has added advantages to conventional
US, although conventional US techniques remain
the cornerstone of diagnosis [2]. The purpose of
this chapter is to discuss the potential benefit of
CEUS in the setting of spermatic cord torsion,
trauma, complicated inflammation, and other
applications. Since the published literature
mainly deals with the application of CEUS in
adults, we discuss personal experience of the
CEUS applications in the pediatric population.
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15.2 Technical Aspects
of Pediatric Scrotal US
and CEUS

Optimal visualization of the pediatric scrotal
contents is best achieved with high-frequency
linear transducers using a frequency ranging
from 9 to 18 MHz. A transducer of lower fre-
quency (9 MHz) might be used to achieve
greater depth. Each testis should be assessed in
both longitudinal and transverse directions. Of
particular importance is the transverse image
showing both testes, enabling comparison in
terms of echogenicity and vascularity. A small
amount of fluid is normally found within the
tunica vaginalis. In a painful hemiscrotum, the
asymptomatic side should be scanned first,
adjusting the imaging settings for comparison
with the symptomatic side.

A careful adjustment of the color Doppler set-
tings is crucial since the testes of pre-pubertal
boys are small in size and although should nor-
mally exhibit vascular flow, this is occasionally
poorly visualized; a potential application for
CEUS. Adjustments needed for optimal visual-
ization of slow blood flow include:

use of a high-frequency transducer

reduction of pulse repetition frequency
decreasing or disabling the wall filter
increasing color gain, avoiding the blooming
artifact

=
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For the CEUS part of the examination, 4.8 mL
of SonoVue™ (Bracco SpA, Milan) should be
used as the microbubble physics and size dictates
that higher frequency transducers are less sensi-
tive to current ultrasound contrast agents (UCA).

15.3 Clinical Aspects of Pediatric

Scrotal Disease

Pain of acute onset and swelling is a common
presentation of different types of scrotal disease.
Typically, the most common causes of an acute
hemiscrotum in a young boy includes:

1. spermatic cord torsion

2. torsion of an appendage

3. inflammatory conditions such as epididymitis
and orchitis

Torsion of the testicular appendages is the
most frequently encountered cause, estimated at
approximately 33% of children with an acute
scrotum, with epididymitis being the second
most common, accounting for 31% and followed
by spermatic cord torsion at 22%. A clinical diag-
nosis of torsion is paramount, with the loss of the
cremasteric reflex on the symptomatic side being
suggestive of spermatic cord torsion, but this is
insensitive with US far more informative, but
should not replace the clinical decision [3].
Different series showed that inflammatory condi-
tions are more common than torsion and con-
firmed that appendages undergo torsion more
frequently than the testis [4].

In spermatic cord torsion, the vascular supply
of testis is compromised due to rotation of the
vascular pedicle. Prompt and accurate diagnosis
is crucial; surgery should be rapid to avoid necro-
sis of the testicular parenchyma. Surgery within
the first 6 h after presentation is associated with
salvage rates of 100%, while after 12 h surgery
rescues <20% of testes [5].

There are two types of testicular torsion: the
extravaginal, encountered during the first year of
life and the intravaginal affecting adolescent
boys [6]. The bell clapper anomaly is a suggested
risk factor for intravaginal type of torsion. In the

normal scrotum, the epididymis is fully attached
to the testis postero-laterally and the parietal
layer of the tunica vaginalis is attached to the cra-
nial and caudal end of epididymis. With a bell
clapper deformity, the parietal layer of the tunica
vaginalis is attached abnormally higher than
usual to the spermatic cord, resulting in encircle-
ment of epididymis, testis, and part of the sper-
matic cord by the tunica vaginalis. On US this
may be seen as an absence of posterior attach-
ment of the tunica vaginal parietal layer to the
epididymis and disconnection from the lower
pole of testis. This allows the scrotal contents to
hang freely within the intravaginal space, giving
a horizontal position, perpendicular to the contra-
lateral testis, but not if the anomaly is bilateral,
occurring in the majority of cases [7]. A recent
study reported that in every case of acute sper-
matic cord torsion, this was intravaginal and
caused by bell clapper anomaly [8].

Inflammatory disease of the scrotum includes
epididymo-orchitis and is mainly idiopathic
when affecting younger children or associated
with sexually transmitted disease in adolescents.
An underlying anatomic abnormality may be
present in children with recurrent episodes of
epididymo-orchitis [9].

Scrotal trauma is frequent in the pediatric
population and usually minor. Common causes
include sports activities, motor vehicle or strad-
dle injuries, and falls. Often with only subtle
findings of trauma, care is needed to carefully
assess for potential coexisting pathology such as
spermatic cord torsion or an incidentally found
tumor [4, 9].

Intratesticular masses affecting children have
two peaks in age distribution: one in neonates
and children up to 3 years of age and a second at
14 years of age. In children before puberty an
important proportion of tumors are benign, with
teratoma representing the majority. Adolescents
presenting with a painless scrotal mass usually
have a malignancy. Scrotal tumors are uncom-
mon in the pediatric age group, occurring in only
2 per 100,000 boys [4]. Both germ cell tumors
and non-germ cell tumors are encountered in the
pediatric age group [4, 9]. Germ cell tumors
include seminoma, embryonal carcinoma, mature
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and immature teratoma, choriocarcinoma, yolk
sac tumor. Non-germ cell tumors include Leydig
cell tumor, Sertoli cell tumor, and
gonadoblastoma.

15.4 Conventional US Findings

15.4.1 Torsion of the Spermatic Cord
and Appendages

The grayscale US findings of spermatic cord tor-
sion are non-specific, as the testicular paren-
chyma may appear normal, hypoechoic, or
heterogeneous, essentially depending on the
duration of onset of symptoms. The presence of a
heterogeneous appearance may indicate non-
viability of the testis [10]. If segmental infarction
is present, then only part of the testicular paren-
chyma will demonstrate abnormal echogenicity.
Other findings that may be present include a
twisted spermatic cord (whirlpool sign), hydro-
cele, and displacement of the epididymis towards
the caudal aspect of the testis [3, 6].

The advocated hallmark for the diagnosis of
testicular torsion is the absence or reduction in
blood flow within the symptomatic testis, in com-
parison with the unaffected testis essential in the
child, where limited Doppler signal is a normal
finding (Figs. 15.1 and 15.2). The sensitivity of
color Doppler US for the diagnosis of testicular
torsion is 95-100%, while specificity is 85-95%.

A false-negative diagnosis can be caused by par-
tial torsion, spontaneous detorsion after torsion
or erroneous measurement of arterial waveforms
from arteries lying at the periphery of the testicle
instead of the centripetal intra-parenchymal
arteries [5, 11-14]. Color Doppler signals may be
visible at the periphery of a torted testis; these
originate from capsular vessels and do not
exclude the diagnosis of torsion (Fig. 15.2) [9].

The assessment of spermatic cord torsion is
problematic in patients with intermittent or par-
tial torsion. Complete torsion refers to the testic-
ular rotation of at least 360°, while in partial
torsion the rotation is lower. With spontaneous
resolution, symptoms regress and the term “inter-
mittent” is applied. A challenging situation
occurs with preserved blood flow, where the
affected testis may exhibit symmetric, decreased,
or even increased blood flow signals compared
with the healthy side (Fig. 15.3) [6].

The “spermatic cord whirlpool sign” is used to
describe an abrupt and focal enlargement of the
spermatic cord found either within the hemi-
scrotum or at the level of the external inguinal
ring. The spermatic cord appears twisted at the
point of enlargement, and there may be a “redun-
dant spermatic cord” or “boggy pseudo-mass”
visible (Fig. 15.2a). This is visualized as an elon-
gated spermatic cord appearing bunched up,
forming a rounded heterogeneous extra testicular
mass with anechoic converging tubes represent-
ing blood vessels. Color Doppler US will reveal

Fig. 15.1 A 4-day-old neonate with extra-vaginal testic-
ular torsion. (a) The left testis demonstrates normal good
intratesticular color Doppler signal. (b) The right testis

demonstrates a heterogeneous pattern, with a focal area of
possible infarction (arrow), and no color Doppler signal
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Fig.15.2 A 17-year-old with a 5-day history of pain and  the twisted spermatic cord, the “whirlpool” sign, with a
swelling of the left hemi-scrotum, with an infarcted testis ~ slightly “mottled” testis noted. (b) There is no color
following intravaginal spermatic cord torsion. (a) There is ~ Doppler signal demonstrated within the testis, but good
an echogenic “mass” above the left testis (arrow) likely — signal in the surrounding tissue (arrows)

Fig.15.3 A 17-year-old boy with self-limiting acute left- compared to the right. An incidental intra-testicular cyst is
sided scrotal pain, thought to have spontaneous detorsion.  present on the right
There is increased color Doppler signal in the left testis
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blood flow signals in arterial and venous vessels
when a partial twist does not completely occlude
vascular structures [15]. This “spermatic cord
whirlpool sign” is reported to be pathognomonic
for the diagnosis of spermatic cord torsion [16].

Spectral Doppler US analysis may be used in
the evaluation of suspected spermatic cord tor-
sion. Arteries of the testicular parenchyma nor-
mally exhibit a mean resistive index of 0.62,
ranging from 0.48 to 0.75 [17]. Asymmetry of
waveforms with dampening in the symptomatic
side, absence or reversal of blood flow in the dia-
stolic phase are findings suggestive of torsion.

If the torsion affects an appendage, either the
appendix testis or appendix epididymis, then
hyperemia can be appreciated surrounding the
appendage, while normal vascularization is pres-
ent within the testis. The appendage itself typi-
cally appears as an ovoid, avascular,
extra-testicular mass of high or mixed echo-
genicity attached to the testicular parenchyma
[18]. Torsion of the appendix testis is usually
encountered in pre-pubertal boys presenting with
gradual pain and commonly the “blue dot sign,”
representing a bluish skin discoloration over a
palpable nodule in the painful hemi-scrotum.
Secondary findings of torsion of an appendage
include reactive hydrocele and scrotal skin thick-
ening (Fig. 15.4).

15.4.2 Inflammation and Abscess

Inflammation of the epididymis (epididymitis)
appears as epididymal enlargement, a decrease of
echogenicity, increase of blood flow signals on
color Doppler US and a reduced resistive index
of 0.5-0.7 (Fig. 15.5). The head of the epididy-
mis is the most frequently affected part, and may
involve the testis, as seen in up to 40% of cases.
Reactive hydrocele or scrotal wall thickening can
be present. Complications of severe inflamma-
tory disease include abscess and venous testicu-
lar infarction, although such entities may be less
frequent in the pediatric population [19].

15.4.3 Trauma

There is a wide range of US appearances of scro-
tal trauma, including testicular rupture and hema-
toma. A hematoma may be located either in the
extra-testicular space or within the testicular
parenchyma, typically hyperechoic in the acute
phase but as the blood products are metabolized
and absorbed, gradually becoming hypoechoic,
with septations, loculations or fluid—fluid levels.
A testicular fracture is a linear hypoechoic, avas-
cular line traversing the testicular parenchyma,
not reaching the tunica albuginea. Without a

Fig. 15.4 A 9-year-old boy with a 5-day history of left-
sided scrotal pain, and a palpated mass, found to have a
torted appendix testis. (a) At the upper aspect of the left
testis is a well-circumscribed area (arrow), with a mixed

echogenic pattern, closely related to the epididymis. (b)
This area demonstrates no color Doppler signal and repre-
sents the torted appendix testis
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Fig. 15.5 A 13-year-old boy with acute epididymitis. (a)
A grayscale US image demonstrating the enlargement and
heterogeneity of epididymis (arrow). (b) The color

Doppler US image demonstrating the increased vascular-
ity suggestive of inflammation in the epididymis and the
adjacent testis (arrows)

Fig. 15.6 A 11-year-old boy with a direct blunt injury to
the left hemi-scrotum, with testicular fractures, and epi-
didymal hematoma. On the right, there is testicular micro-
lithiasis (small arrows) within a normal testis. On the left
areas of linear hypo-echogenicity in the testis (arrows)

breech in the tunica albuginea, the testis preserves
its normal shape. If the tunica albuginea is dis-
rupted by a fracture line, then an abnormal shape
is seen, testicular rupture has occurred and is a
surgical emergency. Disruption of the tunica
albuginea demonstrates on US as poorly defined
margins, a focal discontinuity of the echogenic
line of the tunica albuginea or the capsular blood
vessels and heterogeneity of parenchymal echo-
genicity [9] (Fig. 15.6).

represent fracture lines, and there is disruption to the adja-
cent tunica albuginea, with a small hematocele. A mixed
echogenic epididymal hematoma is also seen
(arrowheads)

15.4.4 Tumors and Tumor Mimics

Yolk sac tumors are the most frequent type of germ
cell tumor affecting prepubertal children. These
tumors appear as heterogeneous, well-defined solid
focal masses, although they may occasionally pres-
ent with diffuse testicular enlargement. Color
Doppler US demonstrates increased vascularity
with a chaotic internal architecture (Fig. 15.7).
Teratomas affecting boys up to 4 years of age are
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Fig. 15.7 A 11-year-old boy with left groin pain, with an
incidental yolk sac tumor of the left testis. (a) A mixed
reflective circumscribed lesion in the mid aspect of the

usually benign, whereas those encountered in post-
pubertal boys are malignant. These lesions typically
appear solid with heterogeneous echogenicity, cys-
tic components, and calcifications [9].

Gonadal stroma (Leydig cell tumor) and sex
cord cells (Sertoli cell tumor) give rise to non-
germ cell tumors. Leydig cell tumors usually
occur between 3 and 6 years of age and may
cause precocious puberty due to androgen secre-
tion. These tumors appear as well-defined and
uniformly hypoechoic focal lesions. Any extra-
testicular solid lesion is most often a para-
testicular rhabdomyosarcoma in a child, usually
solid, occasionally cystic with solid nodularity.
Other rare but benign entities include lymphan-
gioma, fibrous pseudotumor, lipoma, leiomyoma,
and hemangioma [6, 9].

Epidermoid cysts are well-defined, rounded or
ovoid lesions typically exhibiting multiple lamel-
lated concentric layers of alternating echo-
genicity and an outer hyperechoic rim; the “onion
ring” sign. If the central part of the lesion is echo-
genic as well, the so-called target appearance
occurs. The number of concentric layers has been
associated with the maturity of the epidermoid
cyst, with less mature lesions appearing entirely
cystic. Calcification of the wall is common find-
ing and can be in the form of scattered foci, dense
or complete circumferential. Importantly, no
blood flow signals should be documented in color
Doppler US as the cyst is devoid of internal vas-
cularity [20, 21].

testis (arrow). (b) There is increased color Doppler signal
from the lesion indicating a vascularized tumor (arrow)

Simple cysts are rarely found in the pediatric
testis and either associated with rete testis or
tunica albuginea (Fig. 15.3). Cystic dysplasia of
the rete testis is an uncommon congenital malfor-
mation commonly coexisting with other anoma-
lies of the genitourinary system such as ipsilateral
agenesis of the kidney or multi-cystic kidney. On
US, this malformation appears as multiple
anechoic areas of cystic dilatation, with irregular
shape and measuring up to 5 mm [9].

Primary testicular lymphoma has been
reported infrequently, although secondary
involvement can be seen in patients with acute
lymphoblastic leukemia and non-Hodgkin B-cell
lymphoma. On US these may appear either as
diffuse involvement of the testis (which will
appear enlarged and hypoechoic) or as multiple
hypoechoic nodules. Increased vascularity is
seen on color Doppler US, mimicking inflamma-
tory conditions [22, 23].

15.5 Potential Roles of CEUS
in Pediatric Testis

The published evidence for CEUS in the pediat-
ric population is limited [21, 24-27]. The appli-
cation of CEUS for the characterization of
testicular pathology is off-label both in adults and
children, and already established conventional
US techniques are well-suited and achieve ade-
quate accuracy. Nonetheless, CEUS could have a
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Table 15.1 Summary of potential CEUS applications in
pediatric scrotum

Potential CEUS applications in pediatric scrotum

1. Diagnosis of testicular infarction (global or
segmental) in children with small testes, where
conventional techniques may not be sensitive
enough for the normally reduced vascularity in this
setting.

2. Detection and differentiation of viable vascularized
and non-viable ischemic tissue after trauma, in
addition to clearly demonstrating fracture lines.

3. Clear diagnosis and delineation of hematomas
following trauma.

4. Confident detection and delineation of abscess
borders in the setting of complicated
epididymo-orchitis.

5. Definitively demonstrate the absence of internal
blood flow in cysts containing echogenic material,
confidently excluding the diagnosis of a solid tumor.

6. Qualitative characterization of solid tumors by
showing increased enhancement compared to
adjacent normal parenchyma and abnormal pattern
of vascularization.

7. Quantitative analysis of solid tumors enhancement
by use of time-intensity curves analysis.

place in specific fields of pediatric scrotal pathol-
ogy, as is summarized in Table 15.1. As a general
statement, CEUS offers the possibility to accu-
rately assess vascularization, the vascular archi-
tecture, and the dynamics of enhancement of any
tissue, both normal and abnormal.

The Abdominal Imaging Task Force of the
European Society of Pediatric Radiology has
suggested that a theoretical risk exists when
administering microbubbles and performing
CEUS in a poorly perfused organ like the testis,
where an increase in cavitation may occur. This
risk can be mitigated with scanning at a low MI
(<0.4) and balanced with the risk of misdiagnos-
ing an infarcted testis [26].

15.5.1 Spermatic Cord Torsion

Although the US diagnosis of spermatic cord tor-
sion can be readily achieved with conventional
US techniques, false-positive results can occur.
This may be attributable to the small volume of
the testis prior to puberty, and subsequent lower
vascularity, limiting color Doppler US to detect

blood flow. This may be improved by optimizing
the scanning technique (lowering pulse repetition
frequency, increasing color gain), comparing
findings with the healthy side, using power
Doppler US or newer increased color sensitivity
techniques.

Contrast-enhanced ultrasound is more sensi-
tive in visualizing vasculature than any other flow
visualization technique. In keeping with US
Doppler techniques, CEUS should demonstrate
absence of intratesticular enhancement in estab-
lished spermatic cord torsion [7, 28]. In a series
evaluating CDUS and CEUS in the assessment of
intratesticular flow in various conditions, no clear
advantage was found for CEUS, but this was con-
ducted in patients aged 19-61 years of age, where
the volume of testicular tissue is greater than in
the pre-pubertal boys. However, the study con-
firmed the lack of perfusion in every case of sper-
matic torsion using CEUS [29]. It is anticipated
that CEUS should improve the ability to detect
reduced blood flow in the pediatric testis
(Figs. 15.8 and 15.9).

Contrast-enhanced ultrasound is valuable in the
characterization and diagnosis of segmental tes-
ticular infarction, secondary to intermittent sper-
matic cord torsion or a consequence of severe
infection [30-32]. The documentation of lack of
enhancement can designate a focal hypoechoic
intratesticular region as a segmental infarction,
potentially excluding a tumor, where vascularity is
expected. In the subacute stage, a rim of peripheral
enhancement can be observed, based on appear-
ances in adult patients (Fig. 15.10) [30]. In adult
patients with acute scrotal pain and undergoing
both color Doppler US and CEUS, the contrast
study increased the number of patients with a
definitive diagnosis [33]. In a summary of intrave-
nous applications of CEUS in various organs in
children, the CEUS examination was used to rule
out insufficient testicular perfusion [25].

In an experimental setting, Paltiel et al. have
evaluated the use of real-time volumetric CEUS
in a rabbit model of testicular torsion, using a
two-dimensional matrix phased array US trans-
ducer. The changes in CEUS signal intensity had
a good correlation with the perfusion values cal-
culated with radiolabelled microspheres [34].
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Fig. 15.8 A 17-year old boy with torsion of an unde-
scended inguinal testes. (a) Color Doppler US of the nor-
mal left testis shows limited blood flow (arrows), a normal
appearance. (b) A color Doppler US of the right testis
(located in the inguinal canal) shows absence of blood

Fig. 15.9 A 17-year-old boy who presented 5 days after
the onset of acute testicular pain. The “spectacle” view on
the CEUS examination demonstrates no contrast enhance-
ment in the left testis (arrow) and a normal perfusion of
the healthy right testis (arrowheads)

flow within the testis, but with flow signal (arrows) in the
surrounding tissue. (¢) On the CEUS examination, there is
unequivocally absence of contrast enhancement (arrow)
in the testis, establishing the diagnosis of infarction

This three-dimensional US technique is not
widely available and the evaluation of testicular
perfusion should be evaluated with a thorough
examination of the entire parenchyma, in both
the transverse and longitudinal planes with a con-
ventional transducer.

15.5.2 Inflammation

In the setting of inflammation, the use of UCA is
unnecessary in uncomplicated patients but plays
arole in the evaluation of complicated epididymo-
orchitis, particularly in the improved delineation
and establishment of an abscess, as seen in adult
patients [29, 33]. Furthermore, a segmental
infarction may also be a complication of severe
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Fig. 15.10 A 15-year-old boy with segmental testicular
infarction. (a) The B-mode demonstrates a focal area of
mixed reflectivity (arrowheads) with a central component
of hypo-echogenicity (arrow). (b) The color Doppler US
demonstrates signal (arrowhead) within the upper aspect

inflammation, readily identified with a CEUS
examination. An abscess should typically exhibit
arim of increased enhancement but absolute lack
of internal enhancement, as is seen with any
extra-testicular abscess [16, 35]. A CEUS
examination is valuable in improving character-
ization of non-vascularized tissue and helps to
diagnose areas of infarction, abscess, orchitis,
and tumor [29].

15.5.3 Trauma

With scrotal trauma, UCA can be used to provide
clinically useful information, by demonstrating

of the abnormality but no signal in the hypo-echoic area
(arrow). (¢) On the CEUS examination there is no perfu-
sion within this area (arrows) but normal perfusion of the
remaining parenchyma, suggesting this is an area of seg-
mental testicular infarction

tissue perfusion and establishing the viability of
the underlying traumatized testis. This can guide
management, with organ-sparing surgery possi-
ble with a partially non-perfused testes and orchi-
ectomy performed for a global non-perfused
testis (Fig. 15.11). This has been demonstrated in
adult patients, where the non-perfused part of an
injured testis was identified, allowing for organ-
sparing surgery [36]. Beyond examining tissue
perfusion after injury, CEUS could be used to
confirm the absence of vascularity within hema-
tomas or infarcted testes [14]. The CEUS exami-
nation demonstrates absence of internal
vascularity in hematomas, with occasional rim
and septum enhancement [37].
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Fig. 15.11 A 24-year-old adult involved in a road traffic
accident, with left-sided scrotal trauma. (a) The left testis
is heterogeneous (arrow), with changes in reflectivity and
no well-defined border. (b) On the color Doppler image,
there is some central color signal (arrow but none else-

15.5.4 Tumors

With tumor characterization, US is well-suited

with excellent spatial resolution and capability

for both anatomical description (grayscale imag-

ing) and physiologic evaluation (assessment of

vascularity with Doppler techniques). The key

aspects that influence management are:

1. Is the lesion intra-testicular or
extra-testicular?

2. Is the lesion solid or cystic?

3. Does the lesion have internal vascularity and
if so, what are the vascular characteristics?

Although the findings may be readily inter-
pretable, there are occasions where difficulties

where. (¢) On the CEUS examination, there is good
enhancement (arrow) in the area of increased Doppler sig-
nal, and with less well-perfused (arrowheads) patchy
areas elsewhere indicating viable testicular parenchyma

arise, e.g., in a complicated cyst-containing pro-
teinaceous content, blood or other forms of
echogenic debris. The establishment of the
absence of vascularity within the echogenic
material, excluding the possibility of solid neo-
plastic tissue is important. Although Doppler
techniques can be useful, CEUS outperforms
conventional Doppler US techniques in identify-
ing internal vascularity. The premise of the
absence of vascularity as the most sensitive tech-
nique is that only a viable tumor will have a
blood supply and therefore potentially malig-
nant, requiring surgical management [38, 39].
Contrast-enhanced ultrasound was used to inves-
tigate the perfusion pattern of an extra-testicular
lesion, which had a similar pattern to the adja-
cent normal testis, pointing towards the diagno-
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sis of a supernumerary testis [27]. A case series
of epidermoid cyst, with two cases <18 years of
age, demonstrated that CEUS confirmed the
complete absence of internal lesion vasculariza-
tion. A rim of peripheral increased enhancement
has been noted due to the aggregation of blood
vessels and compression of adjacent testicular
parenchyma [21]. Not only with solid tumors,
usually germ cell tumors, but also lymphoma
deposits or stromal cell tumors (e.g., Leydig cell
hyperplasia) are expected to demonstrate higher
enhancement than adjacent normal test paren-
chyma with loss of normal linear pattern of

blood vessels. As a result, CEUS using both
qualitative and quantitative evaluation of
enhancement with time-intensity curve analysis
could be useful [40] (Fig. 15.12).

The evaluation of an extra-testicular lesion in
the adult is useful for delineation of abscesses and
cysts but less useful for the assessment of predom-
inantly benign lesions encountered in the extra-
testicular space, i.e., the lipoma or adenomatoid
abnormality [35]. In the child, the extra-testicular
lesion is often malignant, commonly a rhabdo-
myosarcoma, and demonstration of vascularity on
a CEUS examination may be useful (Fig. 15.13).

Fig. 15.12 A 1l-year-old boy with two testicular epider-
moid cysts. (a) The B-mode US demonstrates two solid
lesions with low and mixed echogenicity (arrows). (b) The
color Doppler US demonstrates no signal in the uniformly

lower reflective lesion (arrow). (¢) The CEUS examination
demonstrates the complete absence of internal vascularity
(arrows) with peripheral rim enhancement (arrowheads),
suggesting the diagnosis of epidermoid cysts
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Fig. 15.13 A paratesticular mass in an 8-year-old boy, a
rhabdomyosarcoma. (a) A mixed reflective predominantly
solid lesion at the upper aspect of the left hemi-scrotum
(arrow), displacing the left testis inferiorly. (b) There is
some increase in color Doppler flow to the abnormality

15.6 Conclusion

A conventional US examination with the addition
of color Doppler is often very informative when
investigating the scrotal contents of a child. The
addition of a CEUS examination has the unique
ability to assess the detailed vascularity of the
testis in spermatic cord torsion, tumor presence,
and is invaluable in assessing the post-traumatic
testis. Assessment of the dynamic time-intensity
curves may be useful in the interpretation of pat-
terns of vascular enhancement in focal testicular
tumors.
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Vasileios Rafailidis, Annamaria Deganello,
Maria E. Sellars, and Paul S. Sidhu

16.1 Introduction

Community-acquired pneumonia (CAP) is a fre-
quent cause of hospitalization, commonly caused
by Staphylococcus aureus, and normally success-
fully managed with conservative treatment. In
severe cases, CAP may be complicated by necro-
tizing pneumonia (NP) and abscess formation
and parapneumonic effusions can arise, either a
simple pleural effusion or an empyema [1].
Imaging plays a central role in the investigation
of CAP and is typically based on chest X-rays
and ultrasound (US). Both techniques have the
potential to assess the lung parenchyma and pleu-
ral space, offering information and guiding
treatment.

Computed tomography (CT) can also be used
to evaluate chest pathology, although ionizing
radiation exposure in the pediatric population
should be limited. Brenner et al. indicated that
CT examinations performed during childhood
result in a tenfold increase in the estimated risk
for radiation-induced fatal cancer, as compared
with adult patients [2]. The life-time increase in
cancer mortality risk associated with a CT exami-
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nation performed in a I-year old child is 0.18%
for abdominal CT and 0.07% for head CT. For
the United States, it was calculated that of about
600,000 children younger than 15 years undergo-
ing abdominal and head CT examinations annu-
ally, 500 of these could eventually die from
cancer attributable to CT radiation [2]. Another
recent study has shown increased rates of leuke-
mia and brain cancer following pediatric CT
imaging, with the risk of leukemia being three
times higher for cumulative absorbed organ doses
of approximately 50 mGy as compared to the risk
associated with doses below 0.5 mGy [3]. With
this risk information, a CT examination should
be avoided for the evaluation of pediatric compli-
cated pneumonia, while other modalities should
be evaluated and adopted [4].

Contrast-enhanced ultrasound (CEUS) using
ultrasound contrast agents (UCA) offers
improved sensitivity to vascularity and excellent
differentiation between vascularized and non-
vascularized tissue. Although widely performed
in adults, the intravenous administration of UCA
in children remains off-label, with the exception
of intravenous administration for pediatric liver
applications in the United States, approved by the
Food and Drug Administration. The use of UCA
in children is equally safe as in adults, with only
few adverse reactions being reported either with
intravenous or intracavitary administration [5-7].
As a consequence, CEUS could be used as an
additional modality in an attempt to reduce the
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use of CT in children, not only in abdominal
applications but in childhood pneumonia as well.
The purpose of this chapter is to present the
potential applications of CEUS in complicated
childhood pneumonia.

16.2 Clinical Aspects
and Definitions of Childhood
Pneumonia

and Complications

Childhood pneumonia may be complicated by NP
and abscess formation with a parapneumonic effu-
sion or a pleural effusion developing as a conse-
quence. Pneumonia in children has a reported rate
of 3040 per 100,000 children [8]. Empyema and
parapneumonic effusions have an incidence of 3.3
per 100,000 children, affecting more frequently
boys, infants, and younger children and occurring
usually during winter and spring [9]. An increase
in the incidence of empyema has been noted, up to
7 per 100,000 for children younger than 2 years of
age and 10.3 per 100,000 in the age group between
2 and 4 years of age [8].

Pleural effusions affecting previously healthy
children are usually caused by acute bacterial
pneumonia, rather than chronic infections (e.g.,
pulmonary tuberculosis). The frequency of parap-
neumonic effusions complicating pneumonia is
reported to be 1%, although in adults this may be
as high as 40%. This may be an underestimation
since small pleural effusions may go undiagnosed
[9]. Causative microorganisms of pleural collec-
tions include bacteria such as Streptococcus pneu-
moniae, S. aureus, Streptococcus pyogenes,
Haemophilus influenza, Pseudomonas aerugi-
nosa, and Klebsiella pneumoniae. The widespread
use of antibiotics has caused the emergence of
resistant types like methicillin-resistant S. aureus.
Other categories of causative organisms include
Mycoplasma pneumonia, Legionella pneumoph-
ila, and viruses such as influenza or adenovirus. A
virus may not be directly associated with a pleural
effusion but rather precede a bacterial infection [8,
9]. In terms of clinical presentations, children suf-
fering from pneumonia present with classic symp-
toms like cough, fever, dyspnoea, poor appetite,

and malaise. If the pneumonia is complicated by a
parapneumonic effusion, the symptoms are more
pronounced and may be associated with pleuritic
chest pain. In the presence of a pleural effusion,
clinical examination will reveal reduced or absent
breath sounds, dullness on percussion, and scolio-
sis. In a child already diagnosed with pneumonia,
the formation of a parapneumonic effusion may
become clinically evident with lack of response to
appropriate treatment [8, 9].

A pleural effusion refers to the presence of
fluid within the pleural cavity while the term
parapneumonic effusion describes a pleural effu-
sion associated with an underlying lung consoli-
dation. The term loculation describes a pleural
collection contained by fibrinous pleural adhe-
sions and not freely moving within the pleural
space with changes in body posture [10]. A pleu-
ral collection containing pus is termed an empy-
ema. In essence, infection of the pleural cavity
constitutes a continuum of different entities that
need to be clearly discriminated [8—10]:

1. An exudative collection (or exudate) is a col-
lection of clear fluid containing a limited
number of white blood cells, occurring as a
reaction to an underlying pneumonia. This
type of collection can be referred to also as
simple parapneumonic effusion.

2. A fibro-purulent collection follows the forma-
tion of exudate and is characterized by the
deposition of fibrin within the pleural cavity,
formation of septations with loculations, and
an increased number of white blood cells. The
term complicated parapneumonic effusion
can be used as a synonym to fibro-purulent
collection while empyema describes a collec-
tion of overt pus. In some cases, fibrous septa-
tions will prevent free movement of fluid
within the entire extent of the collection.

3. Organizational phase or organized collection
is a collection where the previously thin intra-
pleural membranes become thick and non-
elastic. Due to the loss of elasticity, these
septations hinder the re-expansion of a com-
pressed lung (the so-called trapped lung). This
situation predisposes to the formation of a
chronic empyema.
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Even more severe infections can be compli-
cated by a broncho-pleural fistula, lung abscess
formation or perforation of pus through the tho-
racic wall, and formation of an empyema,
although these conditions are uncommon in the
pediatric population [9]. Conservative manage-
ment including intravenous antibiotics and sim-
ple catheter drainage for an effusion, when large
enough to compromise respiratory function, will
suffice. The subcostal catheter drain should be
routinely checked for patency, with removal on
resolution of symptoms. The use of intra-pleural
fibrinolytics (e.g., urokinase) can shorten the
duration of hospital stay and are suggested in
complicated parapneumonic effusion (containing
loculations) or empyema (collection of pus). If a
chest catheter drain, antibiotics, and fibrinolytics
fail to resolve the collection, thoracotomy and
decortication may be required. A lung abscess
coexisting with empyema may not normally be
surgically drained [9]. Surgical treatment options
should be carefully selected based on clinical and
imaging findings as they are associated with
increased hospitalization [11]. The characteris-
tics of pleural effusion on US can be used to
guide catheter placement with better success in
simple anechoic effusions compared to compli-
cated septated effusions [12].

16.3 Imaging of Childhood

Pneumonia with US and CT

According to the British Thoracic Society guide-
lines for management of pediatric pleural infec-
tion, a chest X-ray needs to be taken, but no role
is recognized for a routine lateral chest X-ray.
Classic findings of a pleural effusion include
obliteration of the costophrenic angle, a meniscus
sign formed by the rim of fluid or diffuse and
homogeneous opacification of the hemi-thorax if
the X-ray was taken in the supine position. In this
latter case of complete opacification of the hemi-
thorax, it is difficult to differentiate pleural collec-
tion from underlying consolidation and atelectasis,
raising the need for US (Fig. 16.1) [8-10].

An uncomplicated pneumonia can be visual-
ized on US as an area of lung parenchyma exhib-

iting echotexture similar to that of the liver. The
bronchial tree can be visualized as linear branch-
ing echogenic structures if filled with air (US air
bronchogram), or anechoic when filled with fluid
or mucus. The use of color Doppler US is crucial
for differentiating blood vessels from fluid-filled
bronchi and document the vascularization of
consolidated parenchyma. The branching pattern
of blood vessels visualized within the consoli-
dated lung parenchyma has been referred to as
“vascular bronchogram.” Necrotizing pneumo-
nia, seen as areas of necrosis, can be visualized
with conventional US as hypoechoic areas situ-
ated within the consolidated parenchyma [13,
14]. According to a meta-analysis, lung US can
diagnose childhood pneumonia with a sensitivity
of 96% and a specificity of 93% [15]. In a differ-
ent study assessing the ability of point-of-care
US performed by clinicians after 1 h of focused
training, it was concluded that US has 86% sen-
sitivity and 89% specificity for diagnosing pneu-
monia in children and young adults [16]. In a
large retrospective analysis of 236 children with
CAP examined with US, it was concluded that
the degree of impaired perfusion of the lung
parenchyma and the occurrence of hypoechoic
areas, important features of NP, were similar to
CT with high correlation between the two
modalities and good diagnostic accuracy for
US. Perfusion defects and hypoechoic areas
found in US have been associated with a higher
risk of pneumatocele formation, longer hospital
stay, and higher risk for subsequent need for sur-
gical treatment [1].

It is important to carefully assess the vascular-
ity of the consolidated lung parenchyma, which
can be subjectively classified into three
categories:

1. Normal perfusion corresponding to homoge-
neously distributed blood vessels with a
branching tree-like pattern.

2. Decreased perfusion with a 50% reduction of
the area vascularized with the normal tree-like
pattern.

3. Poor perfusion indicating no recognizable
color Doppler US blood flow signals within
the consolidation [1].
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Fig. 16.1 Examples of pleural effusion on conventional
B-mode ultrasound. (a) A small pleural effusion occupy-
ing the costophrenic angle and containing some echogenic
debris (arrow). (b) A larger anechoic effusion (arrow)

In a study of 23 children with NP, the finding
of peripheral hypoechoic areas within the con-
solidated lung parenchyma demonstrated a 35%
sensitivity, 100% specificity, and 100% positive
predictive value, while pneumothorax was more
commonly found in these children [17]. Based on
these measures of diagnostic accuracy, US with
color Doppler US can readily establish the diag-
nosis of NP if hypoechoic areas are present but
cannot exclude this diagnosis if absent.

Ultrasound is indicated for confirmation of a
pleural fluid collection and guidance of catheter
placement, and is able to differentiate parenchy-

extending in the cephalic direction and associated with an
area of consolidation (arrowheads). (¢) A case of parap-
neumonic effusion containing echogenic septations
(arrows)

mal from pleural abnormalities, outperforming a
chest X-ray [8, 9, 18]. Ultrasound evaluation of
parapneumonic effusion:

1. determines the size of effusion
2. classifies the collection as free or loculated
3. characterizes the echogenicity of the fluid

Ultrasound is very sensitive in detecting even
small pleural fluid collections as little as 3-5
mL. Although US cannot unequivocally deter-
mine the stage of pleural effusion, it does provide
information about the nature of the fluid [9, 13,
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19]. The fluid may be a simple pleural effusion
(or transudate) which appears as a homoge-
neously anechoic or hypoechoic, freely mobile,
changing shape with respiration or change in
body position. Any type of proteinaceous content
within a collection, including blood (hemotho-
rax) or inflammatory debris in exudates, can be
visualized as echogenic debris. Complicated
fluid collections may appear multi-loculated,
containing internal septations, an appearance
termed “honeycomb” and are virtually always
representing an exudate. However an anechoic
pleural effusion could either be a transudate or an
exudate, as US cannot always unequivocally
determine the nature of a collection [19]. Studies
have shown that US is superior to CT imaging for
demonstration of internal debris or loculations
within parapneumonic effusions [10, 20].
Ultrasound can quantify a pleural effusion by
measuring the thickness of fluid content at the
costophrenic angle in the posterior sub-axillary
area, with the child lying in the supine position.
Although subjective, the quantity of a pleural
effusion may be characterized as minimal if
<1 cm thick, moderate if 1-2 cm thick, and large
if >2 cm thick [1]. Depending on the nature of the
collection, appropriate treatment including thora-
coscopy or drainage placement can be selected
for initial treatment. Ultrasound is equally suit-
able for follow-up of a pleural collection in order
to monitor absorption or resolution of septations,
confirming the success of management or sug-
gesting the need for further treatment [13].

A chest CT examination should be reserved
only for problematic cases or pre-operative plan-
ning [8, 21], despite CT imaging offering more
diagnostic information than a chest X-ray, includ-
ing detection of abscess and NP. However, CT
imaging does not alter management or predict
length of hospital stay [21]. Contrast-enhanced
CT is thought to be essential for differentiation of
parenchymal and pleural disease, potentially
identifying effusion loculation and thickening of
the pleura [20]. On a CT examination, NP pres-
ents as an area of consolidated lung parenchyma
with no volume loss (excluding atelectasis) in
combination with a centrally located non-
enhancing hypodense area. A subjective estima-

tion of NP severity can be calculated from the
relative area of necrotic consolidation. Mild
necrosis affects <30% of the consolidated lung,
moderate between 30% and 80% and massive if
>80% being necrotic [1]. The CT findings of
empyema include pleural enhancement and
thickening, chest wall edema, and increased den-
sity of adjacent extra-thoracic fat [10, 22]. A
study assessing the value of CT for diagnosing
empyema in children has indicated that none of
these findings can accurately differentiate transu-
dates from an empyema, stressing the superiority
of US for this purpose [22].

Pneumatoceles can be detected on CT as air-
containing cysts with sharply demarcated thin
walls, occurring during pneumonia resolution,
while bronchopleural fistula can be suspected
based on the occurrence of pneumothorax or per-
sistent air leakage from chest tubes [1]. A CT
examination may be used to differentiate an
intrapulmonary abscess from an empyema: clini-
cally significant as an abscess should be treated
medically (catheter drainage would entail the risk
of forming a bronchopleural fistula). On CT, an
abscess will appear thick-walled and forming
acute angle with the chest wall, whereas an
empyema may demonstrate the split pleura sign
(with pleural enhancement) and compression of
the adjacent lung parenchyma [10].

16.4 Contrast-Enhanced
Ultrasound in Childhood
Pneumonia

There is limited evidence for the use of thoracic
CEUS [23-33], particularly in the pediatric age
group [27, 32, 33]. The CEUS examination for
thoracic pathology, both in adults and children
remains off-label. Nonetheless, there are poten-
tial applications in the field of childhood
pneumonia. As with conventional US techniques,
sound absorption from air in lung parenchyma
and sound reflection by the ribs may prevent ade-
quate imaging.

A lung US examination for a pleural-based
lesion can be performed using a linear high-
frequency (9-17 MHz) transducer with a supra-
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clavicular, suprasternal, intercostal, or
transdiaphragmatic—transabdominal ~ approach,
depending on the position of the lesion under
examination. A CEUS examination using a high-
frequency transducer would be limited for techni-
cal reasons, surrounding the physics of the
microbubble interaction with high-frequency US
waves. When an effusion is present in the costo-
phrenic angle, then a lower frequency curvilinear
transducer can be used and will readily image the
underlying consolidated lung [13].

The UCA dose suggested for intravenous
administration is similar to any other pediatric
intravenous application (e.g., liver) and varies
according to age, but would apply only when
using a lower frequency transducer; higher doses
are required with the linear higher frequency
transducers. The UCA can be administered via a
20-gauge cannula inserted into an antecubital
fossa vein and then flushed with 10 mL of 0.9%
normal saline. For the intracavitary application of
CEUS, where the UCA is administered via the
catheter into the pleural space, a single drop of
SonoVue™ (Bracco SpA, Italy) can be diluted
into 20-50 mL of 0.9% normal saline solution
depending on the patient’s body size and then
administered via the catheter.

Lung lesions that have a vascular supply from
the pulmonary arteries will enhance prior to the
liver and spleen which are supplied by the sys-
temic circulation, while lesions supplied by the
bronchial or intercostal arteries will show
enhancement simultaneously with the liver and
spleen. The timing of enhancement is an impor-
tant parameter for the CEUS examination of the
lung, as well as the level and homogeneity of
enhancement as compared to liver or spleen.
More importantly, CEUS can readily and accu-
rately differentiate vascularized from non-
vascularized tissue. Consequently, pleural
effusions exhibit no enhancement, regardless of
any echogenic content. An area of uncomplicated
compression atelectasis and pneumonia demon-
strates homogeneous enhancement, predomi-
nantly from pulmonary arterial supply. A lung
abscess should show hyper-enhancing walls but
no internal contrast enhancement [23, 28, 30].

These lung abscess characteristics were con-
firmed in an experimental study in small animals,
where CEUS was able to differentiate benign
from malignant lesions based on the arrival time
of the UCA [34].

16.4.1 Intravenous CEUS

The UCA can be administered intravenously for
investigation of lung tissue perfusion, or via a
chest catheter to evaluate the pleural space.
Intravenous CEUS can readily and accurately
differentiate vascularized from ischemic tissue
and delineate pleural effusions, while the intra-
cavitary CEUS examination can detect locula-
tions or free diffusion of a pleural collection. A
decision to perform CEUS in a child with pneu-
monia should be made along with the pediatric
physician, with clinical deterioration and suspi-
cion of NP suggesting the need for intravenous
CEUS, while malfunction of chest catheter indi-
cating the need for intracavitary CEUS. This
experience with both intravenous and intracavi-
tary CEUS in children with complicated pneu-
monia has been summarized in a study of ten
patients with age range from 1 to 12 years [33].
No adverse reactions were observed, with no
sedation required, and the CEUS procedure was
well-tolerated.

The US examination with color Doppler is
detailed for the diagnosis of NP but lacks sensi-
tivity, potentially missing this clinically impor-
tant diagnosis [17]. Using CEUS increases the
ability to depict tissue perfusion with confidence.
Intravenous CEUS identifies NP based on the
presence of non-enhancing areas within the con-
solidated lung parenchyma, where conventional
US techniques are inconclusive (Figs. 16.2, 16.3,
16.4, and 16.5). Moreover, intravenously admin-
istered UCA helps to exclude any residual empy-
ema. Intracavitary CEUS was performed where
the tip of the chest drainage could not be detected
with conventional US, detecting loculation of the
fluid around the drain tip, with clinical deteriora-
tion and complete lung opacification on chest
radiography. Urokinase administration via the
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Fig. 16.2 A 4-year-old girl with complicated pneumonia.
(a) Chest X-ray shows the classic “complete white out”
(arrow) appearance of the left hemithorax, where consoli-
dation and pleural effusion cannot be readily differenti-
ated. (b) B-mode ultrasound shows the consolidated lung
parenchyma (arrow) and the anechoic parapneumonic

catheter and follow-up intracavitary CEUS, the
UCA demonstrated disappearance of loculation,
with free flow of the UCA within the cavity.

A CEUS examination outperformed conven-
tional US for the clear demarcation of the lung
border and diagnosis of NP, while CEUS offered
improved diagnostic confidence for this diagno-
sis [33]. CEUS can also differentiate NP from a

effusion (arrowheads). (¢) The CEUS examination shows
the enhancement of consolidated lung (arrow), delineated
the effusion as anechoic but importantly an area of inter-
nal absence of enhancement within the consolidation is
present, suggesting there is necrotizing pneumonia or
abscess formation (arrowheads)

pleural effusion with better delineation of collec-
tion borders and lung parenchyma blood vessels,
helping avoid catheter placement within a
necrotic part of the lung parenchyma, avoiding a
complicating bronchopleural fistula (Figs. 16.6
and 16.7). The potential applications of CEUS in
childhood pneumonia are summarized in
Table 16.1.
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Right

Fig. 16.3 A 8-year-old boy with necrotizing pneumonia.
(a) The chest X-ray shows effusion with underlying air-
space disease containing some gas locules, suggesting
necrosis (arrows). (b) A B-mode ultrasound shows the
echogenic consolidation of the lung parenchyma (arrow).
(¢) The color Doppler ultrasound fails to assess vascular-

ity as image quality was degraded by movement artifact
(arrows). (d) The CEUS examination (dual screen) shows
enhancement of the consolidated parenchyma but an
internal area of lack of enhancement, in keeping with nec-
rotizing pneumonia (arrows)

Fig. 16.4 A 3-year-old girl with necrotizing pneumonia and
parapneumonic effusion. (a) A chest X-ray shows again the
“complete white-out” appearance of the right hemi-thorax
(arrow). (b) A B-mode ultrasound shows the anechoic effu-
sion and the consolidated lung parenchyma with some hetero-

geneity including hypoechoic areas (arrow), raising suspicion
of necrosis. (¢) The CEUS examination confidently shows the
lack of enhancement in areas of necrosis, diagnosing necrotiz-
ing pneumonia, extending close to the lung surface. Note that
the effusion appears completely anechoic
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Fig. 16.4 (continued)

aAP Erect

Right CHEST

Fig. 16.5 A 3-year-old boy with a lung abscess. (a) The
chest X-ray shows the extensive consolidation of the right
lung with an air—fluid level of a lung abscess (arrow). (b)
The color Doppler ultrasound shows no vascularity within
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Further applications of lung CEUS, based on
adult studies, have potential use in differentiating
neoplastic from non-neoplastic pleuro-pulmonary
lesions, with a delayed lesion enhancement or a
high imaging-based score suggesting a neoplastic
abnormality [23]. In the investigation of atelecta-
sis, CEUS has shown the different perfusion
characteristics demonstrated by obstructive atel-
ectasis and compression atelectasis, with the for-
mer exhibiting a delayed time to enhancement
[25]. In the investigation of alveolar pneumonia,
using CEUS, the majority exhibited pulmonary
arterial enhancement and a homogeneously
isoechoic level of enhancement, as compared

the consolidated lung, while bright echogenic reflections
with reverberation artifact likely represent gas bubbles
(arrows). (¢) The CEUS examination shows peripheral lung
enhancement surrounding an anechoic abscess (arrow)
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Fig. 16.6 An 8-year-old girl with complicated
community-acquired pneumonia. (a) Chest X-ray shows
opacification of the right middle and lower lung field sug-
gesting there is a pleural effusion (arrow). (b) The B-mode
ultrasound of the costophrenic angle shows anechoic fluid
with some echogenic septations (arrow) and atelectasis of

with the spleen as an “in vivo” reference. Findings
such as bronchial artery supply, enhancement
heterogeneity, or decreased level of enhancement
did not show any prognostic value regarding
length of hospitalization, comorbidity, complica-
tions, and the presence of pleural effusion [31].
Furthermore, CEUS has been used to investi-
gate a wide variety of pleural-based lesions,
including malignancy, pneumonia, pulmonary
atelectasis, and compression atelectasis, using
time to enhancement, extent and homogeneity of
enhancement as indicators. Although some char-
acteristic patterns were identified, CEUS was not
able to accurately discriminate malignant from

the lung parenchyma. (¢) The CEUS examination is better
at delineating the collection which appears anechoic, with
no septal enhancement (arrowheads), as opposed to the
collapsed parenchyma, showing homogeneous enhance-
ment (arrow)

benign lesions. Compression atelectasis tended
to show a short time to marked enhancement,
while pulmonary embolism was characterized by
delayed and reduced enhancement; no specific
enhancement patterns were distinguished for
malignant or benign lesions [26]. In a study of
adult patients with pleural-based lesions, CAP
and lung cancer did not differ in terms of time,
duration, or washout of enhancement [29].
Despite the limited value in establishing a pre-
cise diagnosis, CEUS can still distinguish pulmo-
nary arterial from bronchial arterial supply in a
pleural-based lesion providing additional infor-
mation [28]. For example, a case report describes
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Fig. 16.7 A 3-year-old girl with pneumonia complicated
with empyema. (a) The B-mode ultrasound shows a para-
pneumonic collection with two convexities (arrows) and
internal echo reflections. (b) The color Doppler ultra-
sound shows no internal vascular flow signals, only arti-

fact (arrow). (¢) On the CEUS examination, a note is made
of increased enhancement of the adjacent lung paren-
chyma but no enhancement within the parapneumonic
collection, suggesting this was an empyema

Table 16.1 Potential contrast-enhanced ultrasound (CEUS) applications in childhood pneumonia

Intravenous

* Pneumonia vs. empyema: Better delineation of
pleural effusion borders and demonstration of
necrotic lung and pleural effusion (either empyema .
or clear collection).

Identification of areas of necrotizing pneumonia as
lack of enhancement within consolidation.
Residual empyema vs. simple consolidated lung
(post drainage): The enhancement pattern with
blood vessels extending up to the periphery of the
lung indicates absence of residual collection and
thus safe drainage removal.

Intracavitary

Detection of catheter position.

Confirmation of catheter patency.

Quantitative information of volume of fluid effectively
drained, possible communication of the collection with
the surrounding structures (e.g., a fistula).
Demonstration of loculations formed by fibrous septa
within a pleural effusion and hindering complete
drainage of effusion. Instillation of fibrinolytics could be
recommended.

Post fibrinolytics, the filling of a larger cavity with
microbubbles can be demonstrated, thanks to the
resolution of septations.
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the use of CEUS in distinguishing active bleed-
ing into the pleural cavity in a sub phrenic located
hepatocellular carcinoma, undergoing radiofre-
quency ablation [24]. A further application is
reported with a lung abscess, where CEUS a
biopsy towards the necrotic interior part of the
abscess and the hyper-vascularized rim [30].

16.4.2 Intracavitary CEUS

The intracavitary use of CEUS, as previously
described for lung applications in children, is

V. Rafailidis et al.

well described in a number of applications.
This technique has the potential to evaluate the
internal architecture of any physiological or
non-physiological cavity, in a real-time man-
ner, similar to the conventional fluoroscopy
examination. Moreover, it also provides valu-
able information about the patency and loca-
tion of any catheter into which the UCA is
injected (Figs. 16.8 and 16.9). Potential fields
of application in pediatrics include intra-
abdominal fluid collections, the biliary tract,
urinary tract, gastrointestinal applications, and
vascular lines [35].

Fig. 16.8 A 4-year-old girl with parapneumonic effu-
sion. (a) An intracavitary CEUS was performed for evalu-
ation of catheter patency, location, and effusion internal
architecture. Note the initial appearance of microbubbles,
documenting the location of catheter tip inside the effu-

sion (arrow). (b) A few seconds later, the microbubbles
delineate the pleural space, showing there are no septa-
tions (arrows). (¢) A further image shows the exact extent
of effusion and the collapsed parenchyma (arrow). (d) A
chest X-ray confirms the location of the catheter (arrow)
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Fig. 16.9 A 3-year-old boy with parapneumonic empy-
ema not resolving after chest drainage insertion. (a) A
chest X-ray shows an adequately positioned catheter
(arrow), which did not effectively drain the pleural effu-
sion. (b) The intracavitary CEUS examination detected
the tip of a catheter inside a loculation, delineated by a

16.5 Conclusion

The ability to add a CEUS examination to the
imaging of a complicated pneumonia is useful
for a number of reasons. The clear identifica-
tion of the limits of underlying consolidated
lung from an echogenic pleural effusion aids

rounded collection of microbubbles (arrow). (¢) Post fibri-
nolytics intracavitary insertion, an intracavitary CEUS
was repeated, showing free movement of the microbub-
bles within the pleural cavity (arrows). (d) A chest X-ray
acquired the following day shows the reduction of the
pleural effusion which eventually completely resolved

the confident placement of a drainage catheter,
the delineation of necrotic lung aids manage-
ment, the position of the catheter can be identi-
fied with an intracavitary injection. Most
importantly, the ability to use a safe imaging
technique that is child friendly and portable is
an attractive option.
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Inflammatory bowel disease (IBD) is a lifelong
chronic inflammatory disease of the gastrointesti-
nal tract. Due to the natural fluctuating course,
periods of inflammation alternate with periods of
remission, frequent re-evaluation and monitoring
of inflammatory activity are required in order to
plan appropriate therapy and to evaluate the
response to treatment. Imaging surveillance must
be safe, readily available, child-friendly, effective,
and inexpensive. Incidence of pediatric-onset
IBD is increasing; the peak age of onset is in ado-
lescence, but 18% of IBD patients are younger
than 10 years and 4% younger than 5 years [1].
The gold standard in the assessment of the
degree of Crohn’s disease is upper and lower gas-
trointestinal (GI) endoscopy (endoscopic severity
score) with biopsy, but considered an invasive
method, which also requires anesthesia or deep
sedation in pediatric patients. There are several
surrogate markers for the disease activity that cli-
nicians have traditionally used, including the
clinical pediatric Crohn’s disease activity index
(PCDAI), laboratory markers of inflammation
C-reactive protein (CRP), and fecal markers such
as fecal calprotectin. Various imaging methods
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including ultrasound (US), with color and pulsed
Doppler, and magnetic resonance (MR) enterog-
raphy, rarely computed tomography (CT)
enterography, play a significant role in the evalu-
ation of the disease activity [2—4]. Wireless cap-
sule endoscopy (WCE) is a useful alternative to
identify small bowel lesions in children with sus-
pected Crohn’s disease, in whom conventional
endoscopy and imaging tools have been non-
diagnostic [5]. Each of these modalities for dis-
ease assessment has its own numerous limitations
[6].

IBD phenotype in children differs from adults.
The Paris classification recognizes a different
expression of pediatric IBD between patients
<10 years and those 10-17 years of age [7]. In
addition, the monogenic disorders in very young
children (<2 years) with severe IBD-like disease
have been recognized. Assa et al. showed that the
Paris classification for pediatric IBD has clear
predictive properties [8].

The European Society for Pediatric
Gastroenterology, Hepatology and Nutrition
(ESPGHAN) revisited the Porto criteria for the
diagnosis of IBD in children and adolescents and
developed the criteria to meet present challenges
and developments in pediatric-onset IBD [9]. US
was found to be a valuable screening tool in the
preliminary diagnostic workup of pediatric
patients with suspected IBD, but US should be
complemented by a more sensitive imaging of
the small bowel, in most cases MR enterography.
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The use of oral anechoic contrast solution (iso-
osmolar polyethylene glycol) to perform small
intestine contrast-enhanced US (SICUS) is men-
tioned as an option, but there is currently no data
on bowel contrast-enhanced ultrasonography
(CEUS). In every day clinical practice, the deter-
mination of the disease activity depends on the
results specified by the various complementary
markers and imaging methods depending on
local capabilities.

Guidelines on IBD management and follow-
up suggest a more regular disease assessment and
surveillance in order to guide treatment adjust-
ments and provide more personalized care. In
general, the main goal for imaging in pediatric
patients with IBD is to find an accurate and objec-
tive non-invasive method for the assessment of
the disease activity, which is simple, quick,
widely available, well tolerated by patients, and
safe (avoiding harmful radiation or risks of
endoscopy). US imaging techniques are the clos-
est to these requirements, and thus US plays an
important role in evaluating the bowel wall in
children with IBD [2, 10-15]. High-resolution
B-mode US can evaluate the localization and the
length of the affected intestinal segments and can
identify intra-abdominal complications. Doppler
US techniques can visualize and semi-quantify
the bowel wall vascularization. However, color
Doppler ultrasound (CDUS) reflects large blood
vessels with fast flow (macro-vascularization),
but is not sensitive enough to show the blood flow
at the capillary level (micro-vascularization),
which is important for the determination of the
disease activity. Sometimes CDUS does not show
Doppler signals due to technical reasons. The use
of UCA upgrades the evaluation of the bowel
wall micro-vascularization due to the microbub-
ble properties (smaller than erythrocytes, true
blood pool agent). It is well-known that early
pathological change in patients with active
Crohn’s disease is intense neovascularization and
angiogenesis of the bowel wall, characterized by
the development of new capillary vessels in the
lamina propria and submucosa, which results in
increased regional perfusion [16]. Also, the auto-
regulation of the blood supply in the bowel wall
is dysfunctional in these patients [17]. US is fre-

quently criticized for operator dependency, there-
fore, the use of more objective parameters for the
assessment of IBD activity is important in order
to overcome the subjective nature of the sono-
graphic determination of the disease activity.
Another promising complementary US method
in the evaluation of the intestinal fibrosis is sono-
elastography [18]. However, the new sonographic
methods, bowel CEUS and bowel sono-
elastography, have not been systematically inves-
tigated in children with IBD.

The initial studies for the evaluation of the
bowel wall perfusion with CEUS were done in
the early 2000s using first-generation UCA [19],
followed by studies using second-generation
UCA; SonoVue® (Bracco, Milan, Italy), Definity®
(Lantheus Medical Imaging, Bellerica MA), and
Optison® (GE Healthcare, St. Louis, MO). The
goal was to determine inflammatory activity as
manifest by different enhancement patterns of the
bowel wall and quantification of the degree of
bowel wall enhancement. Serra et al. described
four different enhancement patterns in the arterial
phase of bowel CEUS and correlated them to
clinical disease activity [20]. Patients with com-
plete transmural enhancement of the bowel wall
or enhancement of the inner layers were more
likely to have the active disease. The quantifica-
tion of the disease activity by the quantitative
assessment of the bowel wall enhancement was
found to be an inaccurate CEUS technique,
because the degree of the contrast-enhancement
depends on several confounding factors, such as
type of contrast agent and equipment used, ana-
tomical position of the bowel segment (depth of
the segment, location of the bowel—upper or
lower abdominal quadrant), body composition
(particularly the fat content) and shadowing from
bowel air, or arteries filled with the UCA. Absolute
numbers of degree of enhancement, “cut-off
points,” could not be determined.

Dynamic CEUS is a step forward in the quan-
tification of the bowel wall enhancement and per-
fusion. It allows real-time examination of the
bowel wall perfusion on capillary level (micro-
vascularization) and enables an objective quanti-
tative measurement of the enhancement by
analyzing the parameters of the time—intensity
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curve (TIC) [21]. Medellin et al. integrated CEUS
within the global assessment as an additional
objective parameter of the disease activity for
adults [22]. Quantification analyses diminish the
operator dependency and allow for more reliable
intra- and inter-patient correlation.

17.2 Dynamic Contrast-Enhanced
Ultrasound of Bowel Wall
Protocol and Time Intensity
Curve Analysis

The dynamic CEUS technique should be stan-
dardized; the UCA dose, the equipment, and the
transducers are selected for use. Many different
systems for TIC analysis are available and com-
parison is difficult. In general, a multiple-step
protocol for bowel CEUS in children is practi-
cally the same as in adults [23, 24].

17.2.1 Patient Preparation

The purpose of the examination and the basic
information regarding the examination perfor-
mance should be explained to parents and child.
Dynamic CEUS has to be performed on a fasting
patient. The main purpose of fasting is to reduce
bowel blood flow and lumen content. Intravenous
access should be obtained, using a left-arm vein
as the most suitable access. A child should be
trained to shallow breathe, not to move or speak
during the recording period. For a non-
cooperating child, light sedation is an option.

17.2.2 Pre-Acquisition US
Examination, US Machine,
and UCA Preparation

Baseline US and CDUS of the bowel are per-
formed using a high-frequency linear trans-
ducer to detect the location and extension of the
IBD. The most abnormal segment is selected on
the basis of bowel wall thickening, hyperemia
detected with CDUS, the presence and amount
of inflammatory fat, and mesenteric lymphade-

nopathy. In <10% of adults, the use of an anti-
peristaltic drug is needed to reduce the
peristalsis [22]. Anti-peristaltic drugs can be
used in children at the same dose as for MR
enterography [25].

Once the bowel segment is selected, the
contrast-specific US program is switched on. A
dual-screen image, contrast and B-mode US
image, is necessary for viewing the abnormal
area of bowel. Both images should be opti-
mized: mechanical index (0.04-0.08, varies
based on the machine), frame rate (should be
kept low at about 10 fps), focal zone depth
(beneath the desirable segment of the bowel),
and dynamic range/compression (around
55-65, any reduction in dynamic range will
produce the higher signal intensity, increase the
risk of oversaturation) [24].

Transducer orientation is also important. A
long orientation of the transducer face to the
bowel wall is preferred as this allows for more
placement opportunities for the region of interest
(ROI) placement. To minimize the effects of res-
piration, which causes excessive movement of
the bowel segment, the transducer should be
aligned with the plane of movement (sagittal ori-
entation of the transducer).

UCA should be prepared according to manu-
facturer’s instructions. The dose depends on the
child’s weight, the transducer frequency, the
quality of US contrast-specific software, and the
type of second-generation UCA. High-
frequency linear transducers provide a better
image resolution, but on the contrast image
there is less backscatter signal intensity, more
microbubble destruction, and more signal atten-
uation. At our institution, we use SonoVue® in
dose 0.04-0.05 mL/kg for a high-frequency lin-
ear transducer. Application of UCA is followed
by 10 mL of saline solution flush. A convex
transducer is rarely used (half a dose of UCA
compared to linear transducer up to 1.2 mL). In
addition, we need to be aware that the way UCA
is administered affects the UCA enhancement;
the cannula should be at least 22G, the UCA
should be injected perpendicular to the cannula,
and neutral displacement connectors should be
avoided [26].
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17.2.3 Acquisition

The child lies comfortably in a supine position
with his/her parents sitting at the bedside, breath-
ing under instruction in a quiet, shallow manner
without physical movement. The transducer is
held in a fixed position during the continuous
acquisition of data. Recording starts at the time of
UCA administration and lasts at least 90 s. The
examination is stored on digital video clip. A sub-
jective evaluation of the enhancement (the pattern
of transmural enhancement, vascularization of the
mesentery—enhancement and comb sign) may be
performed during and immediately after acquisi-
tion. An initial quantitative analysis of data can be
performed directly on many US machines.

17.2.4 Post-Processing with Time-
Intensity Curve Analysis

The examination data are transferred to a work-
station, where an analysis of the TIC is under-
taken. At our institution, we use CHI-Q™
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software by Canon (previously Toshiba)
(Fig. 17.1). The system is vendor-specific and
limited. Another vendor-specific system is
Q-laboratory™ (Philips Healthcare Ultrasound).
A more general and neutral platform for data
analysis is VueBox® (Bracco, Software, Genova,
CH), using DICOM header information.

An ROI is drawn manually at the most visu-
ally enhanced part of the thickened bowel wall.
The lumen and perivisceral tissues should not be
included. It is better to use a large ROI size as a
larger ROI size shows better approximation of
the overall disease activity. Conversely, a large
ROI size may cover less affected layers or seg-
ments of the bowel, which could result in a lower
peak enhancement (Fig. 17.2) [24]. The ROI is
drawn using free hand and a size of approxi-
mately 1.5 cm? is recommended. We suggest con-
trolling the position and movement of ROI by
watching a video clip to estimate the position of
ROI and possible moving artifacts.

A TIC is drawn by calculating the change in
mean ROI intensity over time. The time is dis-
played in seconds on the X axis, and contrast

Fig. 17.1 CHI Q®, Canon (Toshiba) software program for time—intensity curve analysis. A region of interest (ROI) is
placed over the enhancing bowel segment and a time—intensity curve generated automatically
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recision

Fig. 17.2 The effect of the size of the region of interest
(ROI) on time—intensity curve (linear data) after tracking
motion corrections: the larger ROI (purple) shows a lower

intensity (arbitrary units) on the Y axis. CHI-Q™
software uses raw linearized data to generate a
TIC. The interval of observation within an ROl is
generated from the raw linearized or DICOM
data depending on the type of software used for
analysis [24]. An automatic calculation of TIC
parameters is completed from the fitted curve on
linear data [21]. The peak intensity/enhancement
(PE) can be log-converted by most software
programs.

17.2.5 Interpretation

The interpretation may be semi-quantitative
(subjective), or quantitative (objective). The sub-
jective evaluation includes the pattern of the
enhanced bowel wall and perivisceral tissue
(degree of enhancement, enhanced part of the
bowel wall, homogeneity of the enhancement).
There are many difficulties with the objective
interpretation of the TIC. Our experience, and the
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experience of other centers dealing with bowel
CEUS, is that the shape and the height of the TIC
give the most important information regarding
disease activity. However, currently the shape of
the TIC cannot be objectively evaluated by any
given parameters.

Objective assessment of dynamic CEUS of
the bowel wall deals with many potential issues;
the first is standardization of the procedure. Many
internal (body composition, position of bowel
loop, active peristalsis, etc.) and external factors
(dose, intravenous administration equipment set-
ups, respiratory and patient movement of the
abdominal wall) influence the quality of the
examination. The second issue is that different
software programs used for TIC analysis are not
completely comparable. In addition, the defini-
tion of parameters varies based on the software
program and the fitted curve model. For example,
the time to peak (TTP) on one software analysis
is commenced from the first microbubble appear-
ance in the bowel wall to its maximum intensity.
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Others define TTP as the time from the injection
to the peak enhancement (PE). In addition, there
are different definitions of the mean transit time
(mTT). The third issue arises as there is no single
parameter which can describe the perfusion pat-
tern and thus be represented by different curve
types. There are no widely accepted cut-off val-
ues for quantification, each center is accustomed
to the reliability of their own measurement sys-
tem which diminishes the objectivity of the per-
fusion quantification. Therefore, more studies or
a wide multicentric study are needed, with the
optimal standardization of all steps of the exami-
nation, including uniform or more comparable
post-processing software. In the future, the vali-
dation should include a combination of two or
more parameters and a subjective enhancement
pattern represented by the height and shape of
TIC.

17.3 Position Statements
for Bowel Dynamic CEUS

Dynamic CEUS is proven in adults to be a valu-
able addition to the performance of bowel US
allowing a more objective evaluation of bowel
perfusion and is a potential biomarker for dis-
ease activity. In the current European Federation
of Societies for Ultrasound in Medicine and
Biology (EFSUMB) guidelines on CEUS for
non-liver studies, recommendations clarify the
current position accepted by EFSUMB for adult
studies [27]. The EFSUMB position statement
for the use of bowel CEUS in children is practi-
cally identical [28], although the level of evi-
dence is based on adult studies and there are no
dedicated CEUS studies for the evaluation of
IBD in children, stating that CEUS can be used
as an alternative imaging modality for the fol-
low-up of the children with known IBD to dif-
ferentiate between active and quiescent disease
and to evaluate the outcome of therapeutic

strategies.
The first joint European Society of
Gastrointestinal and Abdominal Radiology

(ESGAR) and European Society of Pediatric

Radiology (ESPR) consensus statement reached
an agreement statement on the technical perfor-
mance of the cross-sectional small bowel and
colonic imaging [25]. The routine use of bowel
CEUS in children by these organizations is cur-
rently not recommended, but they open to include
CEUS examination when the evidence base
Srows.

17.4 Indications, Advantages,
and Limitations

of Bowel CEUS

The current status (indications), advantages, and
limitations of bowel CEUS regarding the recom-
mendations are presented [6, 27, 28].

17.4.1 Evaluation of the Disease
Activity

EFSUMB Recommendation 35 states that CEUS
can be used to estimate disease activity in IBD in
adults [27]. The use of UCA helps to assess the
degree, direction, and behavior of the enhance-
ment (Figs. 17.3, 17.4, and 17.5).

Serafin et al. have recently published the big-
gest systematic review and meta-analysis focused
specifically on the role of bowel CEUS in the
detection of the acute phase of Crohn’s disease in
adults [29]. A pooled sensitivity and specificity
of CEUS in this regard were 0.94 (95% CI 0.87—
0.97) and 0.79 (96% CI 0.67-0.88), respectively.
Despite the difference in methods used by multi-
ple researchers, CEUS consistently shows a good
correlation with disease activity. The biggest
problem with the current evidence regarding the
imaging of the active Crohn’s disease with CEUS
is the technical and methodological quality of the
studies. In addition, current evidence indicates
that parameters obtained from TIC analysis have
limited accuracy.

Most common TIC evaluating parameters
which are related to the bowel wall perfusion
are the total area under curve (AUC), the mean
intensity of AUC (IMA), maximum peak inten-
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Fig.17.3 Dynamic CEUS of the bowel wall in a 10-year-
old girl with Crohn’s disease and severe inflammation of
the bowel wall (histologically proved): (a) strong enhance-
ment of the bowel wall with a region of interest placed

sity (MPI—reflected the strength of intestine
perfusion), and P coefficient of the slope (cor-
related with TTP enhancement). No single
parameter can describe the perfusion pattern
and be represented by different curve types.
High activity is consistent with a high PE, a
short and step wash-in and a slow wash out and
an increase in AUC [24]. Relative intestine wall
enhancement had the highest diagnostic value.

Results :
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appropriately, (b) linear time-intensity curve (TIC), (c)
logarithmic TIC, and (d) adjusted TIC, and the parameters
calculated

The diagnostic threshold for the diagnosis of
active Crohn’s disease that could endorse CEUS
as an objective modality is not determined from
the study.

Medellin-Kowalewski et al. proposed that
quantitative CEUS parameters could be inte-
grated into inflammatory assessments with US to
improve disease activity level determination and
to reduce indeterminate results [30]. Prospective
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Fig.17.4 Dynamic CEUS of the bowel wall in a 14-year-
old girl with Crohn’s disease and moderate inflammation
of the bowel wall (histologically proved): (a) moderate
enhancement of the bowel wall with region of interest

studies have to be performed to develop an US
index for Crohn’s disease activity that combines
the US global assessment and CEUS parameters.
Ripollés et al. published a study dealing with
when CEUS would be justified on the basis of US

Results :
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placed, (b) linear time—intensity curve (TIC), (¢) logarith-
mic TIC, and (d) adjusted TIC and the parameters
calculated

and CDUS findings in patients with IBD for
detecting disease activity [31]. They concluded
that the use of UCA 1is probably not justified to
assess disease activity for patients with CDUS
grade 2/3.
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Fig.17.5 Dynamic CEUS of the bowel wall in a 13-year-
old boy with Crohn’s disease and a mild inflammation of
the bowel wall (histologically proved): (a) mild enhance-

17.4.2 Differential Diagnosis
Between Fibrotic
and Inflammatory Stenosis
in Order to Select Patients
for Medical Therapy or
Surgery

CEUS can be used to discern between fibrous and
inflammatory strictures in Crohn’s disease,
Recommendation 35 [30]. In theory and accord-
ing to some studies, the active inflammatory

Results :

Y] (o= Ay
B o
IEY c1oc 5 Auvs
Mean transit time (s)

Peak intensity
Time to peak

Slope

Area
Area wash in

Area wash out

ment of the bowel wall with a region of interest placed, (b)
linear time—intensity curve (TIC), (¢) logarithmic TIC,
and (d) adjusted TIC and the parameters calculated

components of the bowel wall will enhance using
UCA, whereas the fibrotic stricture will not [32,
33]. On the other hand, CEUS quantitative perfu-
sion parameters failed to reliably detect bowel
wall fibrosis in the setting of superimposed
inflammation in a Crohn’s disease animal model
[34]. These findings question the ability of CEUS
to detect and quantify bowel wall fibrosis of
human Crohn’s strictures, which commonly con-
tain both substantial inflammation and fibrosis.
Further prospective studies are needed.
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17.4.3 Extraintestinal Complications
of Crohn’s Disease

Extraintestinal complications of Crohn’s disease
include the development of a fistula, the forma-
tion of an inflammatory mass or phlegmon or the
presence of an abscess. CEUS can be used to
detect abscesses and to confirm and track the
route of fistulae according to EFSUMB
Recommendation 37 [27]. It is often difficult to
differentiate between phlegmon mass and abscess
on B-mode US. However, the distinction is very
important as management, prognosis, and ther-
apy differ. CEUS is of benefit in this situation; a
phlegmon mass shows diffused hyperenhance-
ment during CEUS examination, while abscess
shows regions of avascularity (pockets of necro-
sis and pus) surrounded by peripheral areas of
enhancement.

17.4.4 Follow-Up of IBD Patients

CEUS can be used to monitor the effect of a treat-
ment in  Crohn’s  disease, EFSUMB
Recommendation 36 [27]. An evaluation of the
treatment response is very important regardless
of the type of treatment and extent of IBD [35—
39]. The most valuable quantitative parameters
are PE and AUC. The pre-treatment values and
percentage changes of the PE, AUC, AUC during
wash-in, and AUC during wash-out were found
to be predictors (P < 0.05) of the long-term thera-
peutic outcome [38]. Changes of the enhance-
ment parameters will occur prior to changes in
the gross morphology of the bowel noted on
baseline and changes in other US activity param-
eters (density of vascular signals and changes in
flow in larger blood vessels on color Doppler
imaging) [39]. The follow-up results of CEUS
are important, particularly when expensive bio-
logical drugs are used, because about 30% of
patients have an incomplete response or even no
response to biological therapy. Therefore, CEUS
has the ability to provide a quick answer regard-
ing treatment response in case the dose should be
increased, or biological drug should be changed,
or other treatment is necessary (Fig. 17.6).

CEUS is also very useful in children with clin-
ically suspected relapse of the disease and mild
(borderline) thickness of the bowel wall
(Fig. 17.7). In the case of an active inflammation
the bowel wall enhances.

17.4.5 Advantages and Limitations

There are numerous advantages of bowel
CEUS. The method has a high safety profile. It is
non-invasive, non-nephrotoxic, radiation-free,
well-tolerated by patients and accessible (wide
availability and portability of US machines) [40].
The whole examination takes 10—15 min, which
is significantly less compared to the time-
consuming MR enterography. There is no need
for sedation. The size and body composition in
children are more favorable for a CEUS examina-
tion than in adults [40]. It is easily repeatable,
and there are no limits to perform frequent serial
examinations at short intervals (important in fol-
low-up patients with insufficient response to
treatment). In addition, it is cost-effective
examination.

The main limitations are inadequate technical
performance of dynamic CEUS and differences
in the post-processing evaluation of the examina-
tion as discussed above (Sect. 2.5). The whole
bowel cannot be evaluated at once and each intes-
tinal segment evaluation needs an injection of
UCA.

17.4.6 When Is a Bowel CEUS
Justified in Pediatrics?

According to our experience, bowel CEUS in
children should be done when the diagnosis of
Crohn’s disease is first established. The disease
activity in the most affected bowel segments and
baseline TIC curve (height and shape) with cal-
culated parameters are obtained. This baseline
information is important for disease activity fol-
low-up. Follow-up CEUS is not required with a
good response to treatment (clinical, laboratory,
and US improvement). CEUS can give valuable
and objective data around the dynamics of
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Fig. 17.6 A l14-year-old boy with an early onset of
Crohn’s disease and sigmoid stenosis found on ultrasound
and confirmed on colonoscopy. Bowel CEUS of this seg-
ment was performed to evaluate the activity of the inflam-
mation to optimize the treatment with infliximab; (a)
CEUS showed a moderate enhancement of the stenotic
segment. The dose of infliximab (anti-TNFo) was
increased, (b) a follow-up CEUS 3 weeks later with a

inflammation, compared with the baseline exam-
ination in cases with insufficient response and
help when making a decision about further treat-
ment. We should consider CEUS of the bowel

diminished enhancement of the stenotic segment showed
a good response to the treatment and diminished activity
of the disease. Colonoscopy balloon dilation of the ste-
notic part was done. The peak enhancement (PE) obtained
from the logarithmic time—intensity curve from (c) the
first and (d) a follow-up bowel CEUS showed diminished
values of PE

wall as a complementary method in evaluating
Crohn’s disease activity and treatment response.

We are aware that there is no ideal imaging
method for children and any additional imaging
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Fig. 17.7 (a) Bowel CEUS in a 3.8-year-old boy with
suspected Crohn’s disease. Enhancement of the ascending
colon bowel wall is seen. The time—intensity curve (TIC)
analysis could not be performed due to extensive respira-
tory movement. On the bases of CEUS enhancement pat-
tern and elevated fecal calprotectin (179.8 mg/kg)
colonoscopy was performed, which showed no abnormal-
ities of the colon mucosa. However, the histological anal-
ysis of the ascending colon bowel wall reported a mild

technique that resolves the problem is welcome.
There are many studies of bowel CEUS in
adults, and they should be extended to children.
In addition, we are aware of advantages and
limitations of the examination and have a good,
solid base for more standardized and thus com-
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inflammation concordant with an indeterminate inflam-
matory bowel disease. He was treated by diet modifica-
tion. (b) Follow-up bowel CEUS after 5 months in the
same boy; fecal calprotectin is even higher (451.8 mg/kg);
moderate transmural bowel wall enhancement of the
ascending colon with TIC analysis suggested a mild
inflammation, which was confirmed by a histology analy-
sis (mild to moderate inflammation). Complete enteral
nutrition was introduced

parable studies. Child-friendly, safe, and avail-
able examination surely is mandatory in this
young population with a potential lifelong dis-
ease [41].

In conclusion bowel CEUS has great potential
to become a complementary method in more
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objective disease activity assessment in children
with IBD that might have positive implications
for patient management and monitoring of dis-
ease activity after a precise standardization of the
examination and after solving some technical and
interpretation issues.
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and M. Beth McCarville

18.1 Introduction

Ultrasound (US) has many positive attributes in
pediatric imaging; it is non-invasive, portable,
provides Doppler capabilities for vascular assess-
ment, does not require sedation, and, most impor-
tantly, does not expose the child to the potentially
harmful effects of ionizing radiation. The avoid-
ance of radiation and sedation is of heightened
concern in pediatric oncology because these chil-
dren undergo innumerable imaging examinations
at diagnosis, for staging, to monitor treatment
response, to assess acute and chronic treatment-
related complications, and to assess for tumor
recurrence after completion of therapy. A recent
study showed an association between radiation
exposure from computed tomography (CT) imag-
ing and an increased risk of developing brain
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tumors and leukemia in children [1]. Those inves-
tigators reported that brain tumor risk was com-
parable to observed risk estimates for brain
tumors following childhood radiation exposure in
Japanese nuclear blast survivors. These findings
underscore the importance of minimizing radia-
tion exposure in children whenever possible.

In children with cancer, US is often the first-
line imaging modality to identify and localize
pathology in the abdomen, pelvis, and extremi-
ties. However, B-mode US has recognized limita-
tions and further imaging with CT, magnetic
resonance (MR), and nuclear medicine imaging
is required for diagnosis and staging. The addi-
tion of a contrast agent to US imaging offers the
opportunity to improve lesion conspicuity, better
characterize lesions, distinguish benign from
malignant features, and improve diagnostic con-
fidence. The current role of contrast-enhanced
ultrasound (CEUS) in pediatric oncology is to
guide interventional procedures and for use as a
problem-solving tool at the time of diagnosis or
when complications arise during and after ther-
apy. In some circumstances, CEUS could replace
CT or MR imaging, which exposes the patient to
radiation and sedation, adds cost, can create anxi-
ety, and usually necessitates the administration of
an intravenous contrast agent. An added benefit
of CEUS is that ultrasound contrast agents (UCA)
are not metabolized by the kidneys and can be
safely administered to patients with renal insuf-
ficiency. Additionally, rates of adverse reactions
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to UCA are low, similar to that of gadolinium
agents for MR imaging. With the recent US FDA
approval of a UCA for children, coupled with an
increasing emphasis on medical cost containment
and radiation and anesthesia reduction, the role
of this important alternative imaging modality is
expanding in pediatric clinical practice. In this
chapter, we illustrate the value of CEUS in pedi-
atric oncology, specifically in the diagnosis and
management of pediatric malignancies, in assess-
ing complications of therapy and in guiding inter-
ventional procedures. The potential role of CEUS
in assessing tumor response to therapy and as a
treatment modality is also presented.

18.2 CEUS of Pediatric Solid
Tumors

In the pediatric oncology patient setting, CEUS
has tremendous potential for diagnostic problem-
solving, given its excellent safety and cost profile
compared to CT and MR imaging, both of which
utilize contrast agents that may be contraindi-
cated in patients with renal insufficiency.
Compared to CT, major advantages of CEUS are
its lack of ionizing radiation, excellent temporal
resolution and the ability to easily image during
all phases of contrast enhancement. Compared to
MR imaging, the major advantages of CEUS are
increased accessibility, faster examination, lower
cost, and the ability to perform the examination
without sedation. In young patients (usually
between 6 months and 7 years), sedation is almost
always necessary to provide MR images that are
of diagnostic quality, and general anesthesia
would be required to obtain sequences that
require breath holds. Anesthesia or sedation med-
ications carry a risk of adverse events in this
patient population, and this may be avoided with
CEUS.

The use of CT or MR imaging contrast agents
also poses potential risks for pediatric oncology
patients, as renal excretion of contrast agents
may be impaired due to concomitant use of che-
motherapeutic agents, and this may increase the

risk of further injury or nephrogenic systemic
fibrosis. The deposition of gadolinium in the
body has also been described, although there is
currently no known clinical significance.
Finally, these patients usually undergo multiple
imaging evaluations during the course of diag-
nosis, treatment, and disease surveillance, and
repeat imaging may compound the aforemen-
tioned risks [2, 3].

There are limitations to CEUS imaging in the
pediatric oncology setting. Most importantly,
tumor staging is not possible  with
CEUS. Although CEUS can confidently diag-
nose malignancy, once a diagnosis of malig-
nancy has been made, further evaluation with
CT and/or MR imaging for tumor staging is
mandatory. In patients who have multiple, non-
adjacent lesions with different appearances (and
therefore potentially several different coexistent
types of lesions), multi-phase CT and/or MR
imaging should be considered to allow easier
characterization of each lesion. It should be
noted that although evaluation of only up to two
lesions is possible in the arterial phase at CEUS,
scanning through the entire organ is possible in
the delayed phase of contrast enhancement,
which enables limited evaluation of additional
lesions.

In the pediatric oncology setting, CEUS may
be most helpful to determine if a newly detected
liver lesion 1is benign or malignant [4].
Specifically, although there are various appear-
ances of different malignancies in the arterial
phase, liver lesions that do not retain contrast
compared to the background liver parenchyma in
the delayed phase may be confidently diagnosed
as malignant with high specificity [5, 6].
Conversely, liver lesions that retain contrast on
the delayed phase of CEUS may confidently be
diagnosed as benign, with sensitivity of up to
98% and negative predictive value of 100% in
pediatric patients [4]. Specific examples of the
use of CEUS to characterize different types of
pediatric liver tumors are detailed below, as is the
use of CEUS to characterize lesions in other
organs.
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18.3 Malignant Liver Lesions
18.3.1 Hepatoblastoma

Hepatoblastoma is the most common primary
pediatric liver tumor and is usually diagnosed
within the first 3 years of life [7]. Although many
associated conditions have been described,
including Beckwith—Wiedemann syndrome, very
low birth weight and premature infants, most
cases of hepatoblastoma are sporadic [8—10].
Histologically, hepatoblastoma is composed
either entirely of epithelial cells or a mixture of
epithelial and mesenchymal cells. There are sev-
eral subtypes of hepatoblastoma, including fetal,
embryonal, pleomorphic epithelial, small cell
undifferentiated, and cholangioblastic. Tumors
with more histologically mature cell lines usually
have a better prognosis than tumors with undif-
ferentiated or immature cell lines [11].

Hepatoblastoma staging relies on the PRE-
Treatment EXTent of Tumor (PRETEXT) stag-
ing system to standardize the imaging evaluation
and to stratify tumors that may be surgically
resectable and those which are unresectable. The
PRETEXT group (I, II, III, or IV) is based on the
number of contiguous tumor-free liver sections.
Several annotation factors were recently updated,
which define areas of extrahepatic involvement
including tumor involvement of the inferior vena
cava, hepatic veins, and portal veins [12, 13].
Contrast-enhanced ultrasound can be used to
risk stratify patients who have a liver lesion into
malignant or non-malignant categories. Although
the appearance of hepatoblastoma at CEUS is not
well described [14], like other non-hepatocellular
primary liver tumors, the washout phase of con-
trast enhancement is likely most helpful to con-
firm a diagnosis of malignancy (Fig. 18.1). No
characteristic arterial phase or portal venous

Fig. 18.1 A 2-year-old male with a hepatoblastoma.
(a) Coronal contrast-enhanced CT demonstrates the
pedunculated primary tumor arising from the inferior
right hepatic lobe (arrow). (b) Contrast-enhanced ultra-

sound obtained at 11 s demonstrates hypo-enhancement
of the mass in the arterial phase. (¢) The lesion demon-
strates early portal venous peripheral washout at 28 s
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appearance has yet been described for hepato-
blastoma. Once a diagnosis of hepatoblastoma is
suspected or confirmed, further evaluation with
CT or MR imaging is required for appropriate
PRETEXT staging of the tumor beyond the liver.
Chest CT is required to evaluate the lungs, which
is the most common site of hepatoblastoma
metastasis [13]. CEUS may be beneficial for
evaluating vascular involvement of the tumor, if
questions remain after either CT or MR imaging,
as it may demonstrate enhancement of tumor
thrombus with good temporal and spatial
resolution.

18.3.2 Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is the second
most common primary pediatric liver tumor after
hepatoblastoma, and usually affects children
10-14 years of age. In distinction to hepatoblas-
toma, HCC is rarely encountered in children less
than 5 years of age [15]. Unlike in adults, the
majority (almost 70%) of cases of HCC in pedi-
atric patients occur in patients with no underlying
liver disease [16]. However, cirrhosis increases
the risk of developing HCC. Causes of cirrhosis
in children include Alagille syndrome, glycogen
storage diseases, Hepatitis B and C, progressive
familial intrahepatic cholestasis (PFIC) types 2
and 3, Wilson disease, biliary atresia, Fanconi
syndrome, and tyrosinemia [17]. Also in distinc-
tion to HCC in adults, pediatric HCC usually
presents with larger tumor size, more advanced
disease, and higher rates of both locoregional and
distant metastatic disease at presentation [18].
However, pediatric HCC usually has a better
response to chemotherapy compared to adults.
Additionally, whereas adults must often meet
specific criteria for liver transplantation, children
with unresectable HCC may be treated by liver
transplantation regardless the size of the tumor or
number of tumor lesions in the liver, as long as
there is no vascular invasion or extrahepatic dis-
ease [17, 19].

Fibrolamellar HCC is considered a distinct
entity from HCC. Of all types of HCC encoun-
tered under the age of 20 years, fibrolamellar

accounts for almost 30% [20, 21]. Serum alpha
fetoprotein level is almost always normal, and
there is typically no underlying hepatocellular
disease in these patients. Unless resectable,
fibrolamellar HCC has a poor prognosis. Another
variant tumor of HCC is the recently described
hepatocellular malignant neoplasm not otherwise
specified (NOS), formerly referred to as transi-
tional liver cell tumor because of the admixture
of both hepatocellular and hepatoblastoma histo-
pathologic components [22]. These tumors have
been described to have highly elevated serum
alpha fetoprotein levels and worse outcomes than
traditional hepatoblastoma [22, 23].

The CEUS appearance of HCC in children has
not yet been well described. However, the appear-
ance is likely to be similar to that described in
adults. In adults, HCC classically demonstrates
early arterial enhancement, with late-phase sub-
tle washout [24]. In contradistinction, metastatic
liver tumors and non-HCC primary liver tumors
have much more prominent and earlier washout
than HCC.

18.3.3 Liver Metastases

Metastasis is the most frequently encountered
pediatric liver neoplasm and the most common
pediatric tumors to metastasize to the liver include
neuroblastoma, Wilms tumor, and lymphoma
[15]. Identification of a primary malignancy aids
in diagnosing a focal liver lesion as a metastasis,
particularly at initial diagnosis. However, it should
be noted that almost 20% of children treated for a
solid malignancy develop focal liver lesions after
therapy [25] and they are often discovered on rou-
tine surveillance imaging raising concern for
tumor recurrence. In such cases, CEUS provides a
rapid, low-risk, low cost, and highly accurate
method of distinguishing benign from malignant
etiologies. This approach allows almost immedi-
ate feedback to the physician and parent/care
giver, thus alleviating anxiety and avoiding the
need for additional imaging and delays in treat-
ment. Liver metastases are characterized by early,
marked washout of the UCA, normally by 1 min
after injection (Fig. 18.2) [24].
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Fig. 18.2 A 20-year-old male with desmoplastic small
round cell tumor. (a) Axial contrast-enhanced CT shows a
liver lesion (arrow) that was suspicious for metastatic dis-
ease. (b) Contrast-enhanced ultrasound split screen image
of the liver lesion (arrows) in the early arterial phase dem-
onstrates patchy iso-enhancement compared to surround-

ing normal liver. (¢) In the early portal venous phase, the

lesion (arrow) demonstrates early washout.
(d) In the late portal venous phase the lesion (arrow)
shows clear washout compared to surrounding normal
liver. Early washout, such as seen here, is typical of meta-
static disease in the liver
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Fig. 18.2 (continued)

18.4 Benign Liver Lesions
18.4.1 Hemangioma

Infantile hepatic hemangioma is the most com-
mon benign liver mass in children [26-28].
Infantile hemangiomas are true vascular
neoplasms that develop within a few weeks to
months of life and are not present at birth. These
lesions demonstrate GLUT1 staining on pathol-
ogy. The CEUS appearance of infantile heman-
gioma is not well reported, however, the CEUS
enhancement pattern is expected to follow that
seen on other modalities, including early periph-
eral arterial enhancement, enhancement through
the portal venous phase, and complete iso-
enhancement in the delayed phase, with minimal
subtle washout possible (Fig. 18.3) [5, 29]. The
primary differential considerations for infantile
hemangiomas are metastases and multifocal hep-
atoblastoma, which will demonstrate early
(<l min) and pronounced washout. Marked
washout has not been described with infantile
hepatic hemangioma at CEUS.

Congenital hepatic hemangiomas are usually
solitary lesions. Unlike infantile hepatic heman-
gioma, congenital hepatic hemangiomas are
present, and fully proliferated, at birth. These
lesions are GLUT1 negative and most commonly
spontaneously involute by 1 year of life [30].

Like infantile hemangioma, the CEUS appear-
ance of congenital hemangioma is not well
described. Limited reports describe these lesions
as heterogeneously enhancing in the arterial
phase with either complete or incomplete fill-in
on delayed phases. Areas of contrast fill-in will
have sustained enhancement in delayed phases
[5]. The primary differential consideration for
congenital hemangioma is hepatoblastoma,
which is expected to have early contrast washout,
an appearance not described with congenital
hemangioma.

18.4.2 Focal Nodular Hyperplasia

Focal nodular hyperplasia (FNH) is a regenera-
tive mass and is typically asymptomatic. Focal
nodular hyperplasia is the second most common
benign liver lesion in older children and young
adults, but is very uncommon in young children.
The exception is that FNH is frequently encoun-
tered in childhood cancer survivors [25].
Ultrasound is often used for screening and fol-
low-up of patients with a known primary malig-
nancy, but because FNH has a non-specific
conventional grayscale US appearance, addi-
tional imaging is necessary for characterization.
The major advantage of CEUS over CT and MR
imaging is that FNH can be confidently diag-
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Fig. 18.3 A 4-month-old female with multiple cutaneous
infantile hemangiomas. (a) Contrast-enhanced ultrasound
images obtained in the early arterial phase at 10 s, show-
ing two (arrows) rapidly enhancing lesions (arrows), with
centripetal flow. (b) Contrast-enhanced ultrasound images
in the later arterial phase demonstrates the complete cen-
tripetal fill-in (arrows), compatible with infantile hepatic
hemangiomas

nosed with CEUS the same day a new liver lesion
is discovered, which is not always possible with
CT and/or MR imaging [31]. This rapid and
definitive diagnosis of FNH with CEUS offers
the additional benefit of decreasing patient and
parental anxiety about the unknown etiology of a
new liver lesion in a patient who is at risk for
metastatic disease [25, 32].

At CEUS, FNH are hypervascular lesions that
have a stellate appearance of early arterial

Fig. 18.4 A 10-year-old female with non-alcoholic fatty
liver disease. (a) Contrast-enhanced ultrasound early arte-
rial phase images obtained at 12 s, showing initial spoke
wheel pattern of arterial enhancement to the central aspect
of the lesion (arrows). (b) In the later arterial phase, at
15 s, the spoke-wheel pattern is more established with the
beginnings of diffuse lesion enhancement (arrows), diag-
nostic of focal nodular hyperplasia. The lesion will remain
hyperenhancing to background liver in all vascular phases

enhancement (Fig. 18.4). A tortuous feeding
artery may additionally be seen. An FNH typi-
cally has complete or incomplete centrifugal pat-
tern contrast fill-in during the portal venous
phase, with a central scar possible, as seen with
other modalities. An FNH has sustained enhance-
ment about 90% of the time, again unlike metas-
tases which will have early and noticeable
washout [33-36].
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18.5 Benign and Malignant Renal
Lesions

Intravenous CEUS for characterization of renal
lesions is much less well described than hepatic
lesions. However, CEUS may aid in the diagnosis
of certain renal lesions.

18.5.1 Complex Renal Cysts

Simple renal cysts, including those with an
imperceptible wall, posterior acoustic enhance-
ment, and no internal septations, can usually be
easily diagnosed with grayscale ultrasound. This
is particularly true in pediatric patients, in whom
a smaller body habitus allows visualization of the
kidneys with higher resolution than in adults.
However, when adequate visualization of simple
and complex renal cysts is not possible, CEUS
may be helpful for additional evaluation.
Specifically, CEUS can demonstrate the presence
of internal septations with greater sensitivity than
CT and can more easily demonstrate the thin or
nodular character of septations (Fig. 18.5) [37].
When present, thick nodular septations raise con-
cern for possible malignancy and additional
imaging may be necessary.

18.5.2 Renal Tumors

Primary renal tumors encountered in childhood,
including Wilms tumor, rhabdoid tumor, and
clear cell sarcoma, have not yet been described to
have a  characteristic = appearance  on
CEUS. Currently, CEUS for renal tumors is often
reserved for problem-solving and surgical plan-
ning, including better delineation of vascular
involvement.

18.5.3 Renal Pseudotumor

Pseudotumor, including a hypertrophied column
of Bertin or dromedary hump, is often easily
diagnosed with grayscale and color Doppler
US. However, CEUS may increase diagnostic

confidence and provide better reassurance that a
contour abnormality is not neoplastic. On CEUS,
these lesions follow the enhancement appearance
of the background renal parenchyma throughout
all contrast phases, unlike a true renal tumor [38].

18.6 CEUS in Pediatric Oncologic
Interventions

Interventional oncology involves application of
interventional radiology techniques to the diag-
nosis and treatment of cancer and relies on image
guidance to increase the efficacy and precision of
targeted minimally invasive therapy. Broadly, the
role of interventional radiology in the care of
cancer can be subdivided into three categories:

(a) Interventions for diagnosis: biopsy (tumors
of soft tissue and bone, and marrow), lumbar
puncture.

(b) Interventions for supportive care: venous
access (temporary and long term), drainage
procedures (pleural and peritoneal fluid,
abscesses), additional interventions for less
common complications such as venous
thrombosis.

(c) Interventions to treat the primary tumor or
palliate metastasis: tumor ablation, tumor
embolization.

Interventions in the first two categories are
commonly applied in pediatrics. However, the
third category, while an established pillar of can-
cer therapy in adults, is only recently gaining rec-
ognition in pediatric oncology.

Ultrasound has been established as a core
modality in pediatric image guidance because
of the advantages it offers over other modali-
ties (multiplanar imaging, excellent temporal
and good spatial resolution, portability, lack of
ionizing radiation) previously described in this
chapter. Contrast-enhanced ultrasound adds to
these advantages, by improving contrast reso-
lution for procedure guidance, given the lower
contrast resolution of grayscale US relative to
CT or MR imaging. Contrast-enhanced ultra-
sound can play in guiding procedures in pedi-
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Fig. 18.6 A 19-year-old male with a mass in the left iliac
fossa. (a) A left-sided mass is demonstrated on an
BFE-fluorodeoxyglucose positron emission tomography
(FDG-PET)-CT scan, as avid uptake (arrow). A biopsy of
the superficial component yielded only necrotic tissue. (b)

atric oncology, with a focus on biopsy and
tumor ablation, which are among the best-sup-
ported indications for the use of CEUS in inter-
ventional radiology [39]. These procedures
involve intravascular administration of the
UCA, which enables the visualization of perfu-
sion at the microvascular level, and thus pro-
vides a reliable assessment of tumor vascularity
and viability. Technical aspects of CEUS in
interventional radiology, as well as applica-
tions of CEUS in the above-noted procedures
for supportive care, are discussed in Chap. 20.

18.6.1 Biopsy

Ultrasound contrast agents are sometimes use-
ful to increase the conspicuity of small lesions
in the liver. In children, this is often in the set-
ting of a concern for metastasis, as primary
liver neoplasms, while less common in chil-
dren, are frequently large and readily visible
on sonography at presentation. More fre-
quently, CEUS is used to determine the opti-
mum site of biopsy within the tumor, as
enhancement indicates regions of intact micro-
vasculature, suggestive of areas of most tumor
viability and least necrosis (Fig. 18.6). Biopsy
of non-necrotic regions should increase diag-

On the CEUS examination, the lesion shows enhancement
of only the deep component alongside the bone (arrows).
This was targeted for biopsy, and on histology was a
deposit of Hodgkin lymphoma

nostic yield, and the need for high-viability
may be particularly salient if next-generation
sequencing for characterization of signal trans-
duction defects is desired. In this regard, CEUS
can shorten the procedure, as it can increase
the confidence of adequate sampling, thereby
decreasing the number of passes the interven-
tionist would make, and also decrease the need
for frozen section analysis during the proce-
dure. If there is concern for significant post-
procedure hemorrhage, this can be assessed by
CEUS of the region of biopsy, often faster and
with less logistical complexity than CT [39].
The excellent depiction of vasculature allows
the easy detection of pseudoaneurysms and
active extravasation [40].

Contrast-enhanced ultrasound may also be
used to guide decisions during the procedure,
and this entails applying diagnostic principles
of CEUS, particularly of liver Iesions,
described in Chap. 8 and in the prior section of
this chapter. It is, therefore, important that the
CEUS technique applied in interventional radi-
ology be consistent with that used for diagnos-
tic applications. As children who undergo
interventional procedures have venous access
established and are under sedation or anesthe-
sia, diagnostic characterization of a lesion can
be performed in a manner that is more con-
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trolled and convenient for the radiologist. One
illustrative scenario is that a lesion may be
demonstrated to be benign in the interventional
suite, therefore obviating the need for biopsy
and sedation (Fig. 18.7).

RT LIVER

INJ 1 2.0ML

Fig. 18.7 A 6-year-old male with history of neuroblas-
toma. (a) Grayscale US demonstrating multiple echogenic
lesions (arrows), and the patient was referred for a biopsy.
(b) The CEUS of the liver performed by the intervention-
ist just prior to biopsy, which showed no enhancement of
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18.6.2 Tumor Ablation

Tumor ablation involves the application of
probes that induce thermal injury (radiofre-
quency ablation, microwave ablation, cryoabla-
tion, high-intensity focused ultrasound) or the
injection of chemicals (ethanol ablation) in the

the lesion (arrows) in the arterial phase. (¢) In the portal
venous phase, the lesions (arrows) are isoenhancing with
the remainder of the liver, consistent with focal fat infiltra-
tion and no biopsy was performed
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Fig. 18.7 (continued)

tumor. For technical success, the ablation pro-
cedure must precisely treat the tumor and a sur-
rounding margin of normal tissue; it is also
important to avoid injury to surrounding organs.
The most common application of CEUS in this
realm is intra-procedural feedback: tumor vas-
cularity is assessed before and after ablation. A
lack of contrast enhancement provides strong
confirmation of adequacy of treatment
(Figs. 18.8 and 18.9), and residual perfusion of
the tumor would indicate that further ablation is
necessary. For this purpose, CEUS provides
superior spatial and temporal resolution of tis-
sue perfusion than CT or MR imaging, as per-
fusion can be visualized in real-time and with a
small field-of-view. In adults undergoing abla-
tion of hepatocellular carcinoma, the absence
of perfusion after ablation has shown to be
highly predictive of therapeutic success, and
residual tumor detection has been shown to be
at least commensurate with other imaging

J. Squires et al.

modalities [39]. It should be noted that the
immediate post-ablation assessment of tissue
perfusion is best suited for cryoablation, as col-
lection of gas in the treatment area from tissue
vaporization will hinder US assessment imme-
diately after radiofrequency or microwave abla-
tion [39]. In the latter settings, CEUS
assessment may have to be performed shortly
after the procedure. Selective trans-arterial
embolization of tumors, most frequently in the
liver, is an established procedure in interven-
tional oncology, and specific subsets include
“bland” particle embolization, chemoemboliza-
tion, embolization with drug-eluting beads, and
radioembolization with beta-emitting particles.
Tumor embolization is much less frequently
performed in children, largely due to the differ-
ent spectrum of pediatric cancers and efficacy
of conventional treatment, but is occasionally
indicated. During trans-arterial embolization of
liver tumors, intra-procedural CEUS with arte-
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RIGHT UPPER BACK AOI TRANS

Fig. 18.8 An 8-year-old male with history of a right
paraspinal rhabdomyosarcoma. (a) A lobulated metastatic
recurrence (arrow) in the right posterior supraclavicular
soft tissues on axial single T2-weighted MR image. (b)
On the "®FDG PET, there is uptake in the mass (arrow). (c)

On the corresponding transverse, arterial phase CEUS
shows enhancement of the lesion (arrows). (d) The corre-
sponding sagittal CEUS 3 months after percutaneous
cryoablation of the metastatic lesion (arrows) show no
residual uptake or contrast enhancement
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Fig. 18.8 (continued)

rial administration of a UCA has been used to
guide embolization (confirm appropriate sub-
selectivity prior to embolization) and to deter-
mine adequacy of treatment, similar to tumor
ablation [41].

18.7 Future Directions of CEUS
in Oncology

The role of CEUS in oncology is rapidly evolving
and there are a wide variety of potential applica-
tions in the management of adult and pediatric
oncology patients. Because pediatric malignan-
cies are relatively rare, much of the clinical
research in this area is occurring in the adult pop-
ulation. However, the principles can be easily
applied to the pediatric population which is the
ideal population for the use of ultrasound in gen-
eral. Adult clinical investigators have reported
the value of CEUS in distinguishing benign from
malignant thyroid nodules, endometrial hyper-
plasia from neoplasms, benign from malignant
soft tissue masses, low from high-grade bladder
carcinoma, benign from malignant lymph nodes,
benign prostatic hypertrophy from prostate carci-
noma and to monitor response to therapy in breast

cancer, liver metastases, and liver tumors treated
with trans-arterial chemoembolization and radio-
frequency ablation [42—64]. Clearly, there is con-
siderable interest in the development of CEUS to
diagnose malignancies and assess treatment
response in the oncology population.
Angiogenesis (the development of new blood
vessels) is essential for tumor development,
growth, and metastasis and accurate imaging and
quantitation of tumor vascularity is an important
area of investigation [65, 66]. Contrast-enhanced
ultrasound has unique attributes that make it
more appealing for measuring tumor blood flow
than other imaging modalities and it is emerging
as a reliable method of quantitating tumor vascu-
larity and assessing response of a variety of adult
malignancies [67-76]. Because UCASs remain in
the vascular space, the pharmacodynamics is less
complex than those for CT and MR contrast
agents that freely diffuse across the vascular
membrane. Additionally, CEUS is less expensive
than contrast-enhanced CT and MR imaging, can
be performed at the bedside, does not require
sedation, and, most importantly in the pediatric
population, does not expose the patient to the
harmful effects of ionizing radiation. With the
use of contrast-specific software, several perfu-
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Fig. 18.9 A 16-year-old female with relapsed papillary
cell thyroid cancer. (a) A lymph node with a metastatic
deposit shown on the grayscale US (arrow). (b) The cor-
responding CEUS in arterial phase (arrow) showing arte-
rial enhancement, with patchy areas of non-enhancement,
early washout occurred later in the study. (¢) Grayscale

sion parameters can be quantitated. These include
peak enhancement intensity, rise time, mean tran-
sit time, and area under the curve. These param-
eters can be quantitated at baseline (before
initiation of therapy) and then remeasured at spe-
cific time points during therapy to assess change.
The baseline values or the change between base-
line and follow-up time points, may provide
unique insight into the biological behavior of
tumors that could ultimately be predictive of
patient outcome.

The role of CEUS in oncology is also
expanding beyond diagnosis and treatment

image during the US-guided ethanol ablation of the
metastasis (arrow); needle shown with arrowheads. (d)
The CEUS of the lesion (arrow) immediately after the
procedure showing no residual enhancement, consistent
with complete ablation. (Case courtesy of Dr. Fernando
Escobar)

response into molecular imaging and targeted
therapy. Several methods of UCA-mediated
drug delivery are under investigation in pre-
clinical and clinical trials, including for direct
and indirect drug delivery and development of
nano-scaled UCAs. By applying an ultrasound
pulse, a UCA can be destroyed to create micro-
jets or be excited to physically interact with the
vascular wall and create pores in the vascular
membrane. This approach results in enhanced
vessel permeability allowing co-administered
drugs to extravasate into the tumor interstitial
space (indirect drug delivery). Alternatively,
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the UCA shell itself can be loaded with a drug
that is released during microbubble destruction
and then extravasates, through US-mediated,
permeabilization of the vascular membrane
(direct drug delivery). However, with these
techniques, it is difficult to achieve high enough
doses of the therapeutic agent. Nanobubble,
nanoparticle, and nanodroplet UCA are capable
of passing through the damaged endothelium of
tumor vessels and accumulate in the extracel-
lular space without the need to enhance vessel
permeability. Once in the extracellular space
they can be manipulated to cause tissue cavita-
tion and release drugs directly into the tumor.
This approach could be especially advanta-
geous in treating brain tumors because the
nanoparticles could pass through the blood—
brain barrier. Although some of these agents
have a short shelf life and handling difficulties,
they provide promising future clinical direc-
tions and exciting research opportunities [77].

18.8 Conclusions

Contrast-enhanced ultrasound is especially well
suited for pediatric use because the contrast agents
are safe in children, do not require prior laboratory
testing or sedation, the equipment is accessible,
and, importantly, does not expose the patient to the
harmful effects of ionizing radiation. The latter
benefit is particularly relevant to the pediatric can-
cer population because these children undergo
innumerable imaging examinations during diag-
nosis and staging, throughout treatment, and dur-
ing surveillance after the completion of therapy.
We have presented information to promote the use
of CEUS in pediatric oncology patients and have
described current clinical applications including
distinguishing benign from malignant liver and
renal masses, guidance of interventional proce-
dures, and the assessment of tumor ablation. There
is ongoing research investigating the value of
CEUS to quantitatively assess the effect of cancer
therapy and as a therapeutic tool in oncology.

These developments will likely significantly
expand the role and increase the impact of CEUS
in the management of pediatric oncology patients
in the near future.
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19.1 Introduction
19.1.1 Contrast-Enhanced
Ultrasound in Neurosurgery

The routine application of contrast-enhanced
ultrasound (CEUS) during adult neurosurgical
procedures is a relatively recent introduction and
is not yet widely practiced [1-4]. In 2005, Kanno
et al. first described the application of a contrast

I. G. Vetrano - L. G. Valentini

Department of Neurosurgery, Fondazione IRCCS
Istituto Neurologico Carlo Besta, Milan, Italy
e-mail: ignazio.vetrano @istituto-besta.it;
laura.valentini @istituto-besta.it

F. DiMeco
Department of Neurosurgery, Fondazione IRCCS
Istituto Neurologico Carlo Besta, Milan, Italy

Department of Pathophysiology and Transplantation,
University of Milan, Milan, Italy

Department of Neurological Surgery, Johns Hopkins
Medical School, Baltimore, MD, USA
e-mail: fdimeco @istituto-besta.it

F. Prada (<))
Department of Neurosurgery, Fondazione IRCCS
Istituto Neurologico Carlo Besta, Milan, Italy

Department of Neurological Surgery, University of
Virginia Health Science Center,

Charlottesville, VA, USA

e-mail: FUP5A @hscmail.mcc.virginia.edu;
francesco.prada@istituto-besta.it

© Springer Nature Switzerland AG 2021

agent during intra-operative power Doppler ultra-
sound, aiding the surgical resection of 40 brain
tumors [1]. Even if this experience was based on
a first-generation ultrasound contrast agent
(UCA) it demonstrated that intraoperative CEUS
(AICEUS) could facilitate intraoperative orienta-
tion and the assessment of intra-tumoral and peri-
tumoral  vessels. Since that preliminary
experience, several groups have explored differ-
ent applications of iCEUS in neurosurgery.
Engelhardt et al. demonstrated the opportunity to
attain time—intensity curves with continuous
imaging using newer techniques [2]. Holscher
et al. focused studies on vascular neurosurgery
(e.g., aneurysms, arteriovenous malformation)
demonstrating with “angiosonography” the real-
time flow dynamics [4]. With this technique, the
ability of iCEUS to highlight tumor and tumor
margins, aiding in differentiating between tumor
and surrounding brain parenchyma, was estab-
lished [3].

Several other studies demonstrated the useful-
ness of iCEUS [5-7], leading to the introduction
and application of iCEUS in neurosurgery, with
incorporation in the European Federation of
Societies for Ultrasound in Medicine and Biology
(EFSUMB) guidelines [8]. Intraoperative CEUS
is particularly suited for neurosurgery application
for a number of reasons: during surgery, there are
no obstacles (skin, subcutaneous tissues, mus-
cles) between the transducer and the brain, of
which the tissue composition allows optimal
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mechanical properties for ultrasound (US)
propagation. Furthermore, cerebral blood flow is
sustained by a terminal circulation with multiple
arteries and different anastomosis, with a com-
plex venous draining system, where the UCA
behave as purely intravascular contrast media not
spreading into the interstitial space, taking advan-
tage of the terminal circulation of the brain. This
allows the UCA to demonstrate and characterize
all phases of tumor/brain perfusion: arterial,
parenchymal, and venous. Usually, normal brain
parenchyma does not enhance strongly, except
for the basal ganglia, but with alteration of
enhancement findings seen with different patho-
logical conditions.

We have described applications of CEUS in
neurosurgery: intraoperative neoplastic evalua-
tion and characterization and the so-called angio-
sonography for vessel visualization [5, 9].
Intraoperative CEUS is able to highlight tumor
parenchyma and tumor-brain interface with great
accuracy in nearly all tumors, but particularly
with poorly defined tumor borders, or when the
surrounding parenchyma is the edematous brain.
Ultimately, this allows for assessment of lesion
distribution and to visualize potential residual
tumor during each phase of the surgical resec-
tion. The degree and pattern of contrast enhance-
ment depend on the density and distribution of
capillaries in the region of interest and on the
neoplastic vascular supply. Consequently, each
pathological entity demonstrates a specific
enhancement pattern, according to the specific
vascular organization of afferent and efferent
vessels, allowing characterization of tumor
behavior [10].

19.1.2 Contrast-Enhanced
Ultrasound: Pediatric
Applications in Neurosurgery

The first application of iCEUS in the pediatric
neurosurgical field was a 14—year-old child with
an intramedullary cervical spine tumor [6].
Following that other clinical cases have been
reported, without any prospective case series
published. Kastler, in 2014, presented a small

cohort of neonates and infants with hemorrhage,
hydrocephalus, and hypoxic-ischemic injuries,
evaluated in an emergency setting with trans-
fontanellar CEUS (TCEUS) [11]. They compared
TCEUS with a B-mode trans-fontanellar US and
with magnetic resonance (MR) imaging. TCEUS
showed abnormalities not depicted on B-mode
US and were concordant with the MR imaging
findings. In particular, TCEUS allowed for the
assessment of brain perfusion, without adverse
events of the contrast agent administration of
other imaging modalities. Hwang et al. presented
feasibility of brain CEUS studies in neonates and
infants [12, 13], describing the enhancement
intensity in the region of interest changing during
the wash-in and wash-out phases of the UCA,
from which brain perfusion could be quantified
[13]. Evaluating the evolution of cerebral perfu-
sion in this manner is useful, particularly in brain
injury, where it is valuable for prognosis and
guidance of therapeutic intervention. The neuro-
surgical application of iCEUS can also be modi-
fied in real time according to the surgical
strategy, i.e., in order to increase the extent of
resection for tumors, or to avoid normal sur-
rounding structures or to verify the blood flow
and tissue perfusion in vascular malformation
applications [12, 14].

Ultrasound applications have not been fully
exploited by the neurosurgical community to
date, with the main pre- or intraoperative imaging
tools used being computed tomography (CT) and
magnetic resonance (MR) imaging, performed in
three panoramic orthogonal planes: axial, sagit-
tal, and coronal. Intra-operative US (ioUS) gen-
erates a unique tomographic representation in a
precise moment during insonation a consequence
of the transducer positioning, coupled with the
surgical approach. The transducer is usually
rotated, changing the orientation with multipla-
nar and sectorial imaging, all unique in the infor-
mation provided. B-mode US examination shows
inherent limitations in distinguishing between
tumor and surrounding edematous parenchyma,
improved with CEUS, but is deployed in pediat-
ric neurosurgery relying on experience in adults
[9, 15, 16]. The EFSUMB statement [17] consid-
ers the uncertainty surrounding the long-term
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effects of gadolinium brain deposition in adult
and children [18, 19], the need to reduce radia-
tion exposure, and use of iodinated contrast
medium.

There are potential issues using iCEUS in
pediatric neurosurgery. Occasionally it is neces-
sary to enlarge the bone access to adapt to the
transducer size, more evident in infants. The cra-
niotomy or laminotomy/laminoplasty must be
large enough to guarantee trans-dural examina-
tion and to allow transducer free tilting and
change of orientation of the transducer. Moreover,
in craniovertebral junction or spinal surgery,
examination can only be possible in the axial and
sagittal planes. This will also affect Doppler US
imaging, reducing the possibility to identify ves-
sels that run perpendicular to the insonation
angle. With posterior fossa access, the sitting
position is adopted, making the use of ioUS and
iCEUS difficult. This is due to the inherent diffi-
culty in obtaining an acoustic coupling with irri-
gation, with fluid quickly draining away. In
addition, hemostatic agents or the presence of
diffuse bleeding, both hyper-echoic, can preju-
dice the US examination [20]. Previous surgery
may present artifacts on the CEUS examination.

We describe and illustrate the deployment of
iCEUS in different intra-operative settings in
pediatric neurosurgical patients and define vari-
ous conditions in which iCEUS is feasible and
useful for, particularly in cerebral and spinal cord
malformation, neoplastic and vascular diseases.

19.2 Instruments and Technique

An ultrasound machine equipped with various
transducers, able to perform CEUS, with elastog-
raphy and fusion imaging (for virtual naviga-
tion), enables the peri-operative exploration of
almost all neurosurgical conditions [7, 21-23].
Normally a linear array multifrequency
(3—11 MHz) transducer with linear or trapezoidal
views for both superficial and deep-seated
lesions, and for very superficial lesions, a linear
high-frequency transducer (10-22 MHz) should
be available. Spinal lesions may be examined
with a high-frequency linear transducer. A small

micro-convex multi-frequency transducer can be
used for small craniotomies or to explore surgical
cavities while undertaking tumor resection. Once
the craniotomy or the laminoplasty/laminotomy
has been secured, and the operculum or the spinal
flap has been removed, an initial B-mode US
examination is performed through the intact dura
mater, with the transducer placed on the menin-
geal surface that is continuously irrigated with
saline solution. Prior to an iCEUS study, a
detailed baseline examination is performed with
standard B-mode and Doppler US imaging, add-
ing elastography as required [23]. The baseline
examination allows for the identification of the
principal anatomical landmarks and the vascular-
ity, in order to adequately understand the plane of
insonation and structure orientation. Variation of
the transducer position is performed with slow
movements in a standardized manner; from left
to right for the sagittal plan, or from anterior to
posterior for the coronal plan or from top to bot-
tom for the axial plan, according to the region
being explored. With spinal surgery, only axial
and sagittal planes are required.

19.2.1 Ultrasound Contrast Agent

SonoVue™ (Bracco SpA, Milan, Italy) is nor-
mally used and adult doses are established. In the
pediatric population, there is a lack of pediatric
studies to establish dosage. Based on the kinetics
and distribution of the UCA in the brain and spi-
nal cord, with dose adjustment based on the adult
dose of 2.4 mL (SonoVue™), Hwang et al. [12,
13]have used the FDA-recommended Lumason™
(Bracco Diagnostics Inc., Monroe Township, NJ)
dosage of 0.03 mL/kg for the pediatric popula-
tion, with optimal image quality. We have adapted
the dose calculating 0.5 mL/10 kg bodyweight.
However there are many dose schedules used by
other practitioners; e.g., 0.1 mL SonoVue™ for
each year of age [11, 13, 24]. The UCA is nor-
mally injected by the anesthesiologist, via a
peripheral or central vein, followed by a flush of
normal saline. Following intravenous injection,
the contrast agent lasts for up to 5 min, a second
injection may be administered. US imaging
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parameters including mechanical Index (MI),
gain, frequency, and depth will need to be adapted
for each case.

19.3 Practical CEUS Applications
in Pediatric Neurosurgery

19.3.1 Brain Tumors

Central nervous system (CNS) solid malignant
and non-malignant tumors are common in chil-
dren and are the leading cause of cancer death
from the ages O through 14 years in the United
States, with a tumor incidence of 5.54 per
100,000 [25]. According to the records of the
Central Brain Tumor Registry of the United
States (CBTRUS), gliomas are the most com-
mon histologic group in all ages (52.9%), of
which the majority are pilocytic astrocytoma
(33.2%) and other low-grade gliomas (27.1%),
but glioblastomas also occur [26]. In infants
<1 year of age, gliomas, and embryonal tumors
are the most common tumor type, while in chil-
dren 5-9 years of age, medulloblastoma repre-
sents almost all embryonal tumors, of which
there are three embryonal tumor types; (1) prim-
itive neuroectodermal tumor, (2) medulloblas-
toma, and (3) atypical teratoid/rhabdoid tumor.
Pilocytic astrocytoma, deriving from glial cells,
represents 17% of all CNS tumors in 0- to
14-year-old age group.

The histopathological origin affects the US
visualization; sometimes it is difficult to distin-
guish between the glioma and surrounding nor-
mal parenchyma, in particular, if edematous.
Intraoperative CEUS is beneficial, in this
instance, highlighting tumor parenchyma and
tumor—brain interface with great precision in
most situations, and can identify the active/viable
and the necrotic/cystic areas within the tumor.
For example, during glioma surgery, iCEUS is
capable of differentiating low- and high-grade
gliomas and can show anaplastic areas in low-
grade tumors (Fig. 19.1). In tumors with ill-
defined borders, e.g., glioblastomas, iCEUS can
show tumor extension clearly against healthy
edematous brain (Fig. 19.2). In highly vascular-
ized tumors, it is possible to identify deep feeder

vessels, allowing rapid devascularization of the
tumor, reducing bleeding. Avoiding excessive
blood loss is more important in children because
rapid blood loss can cause severe hemodynamic
dysfunction (Fig. 19.3). Furthermore, a brain
abscess (Fig. 19.4), possibly in the differential
diagnosis with intracranial tumors, may also be
depicted with the use of iCEUS.

In our experience, CEUS can help to visualize
tumor remnants after resection, providing valu-
able biological information about tumor perfu-
sion and vascularization, possibly changing the
surgical strategy for tumor removal. Increasing
the extent of resection, moreover, has an impact
on efficacy of adjuvant therapies and progression-
free survival or overall survival.

19.3.2 Epilepsy Surgery

With medical refractory epilepsy, or if seizures
are secondary to a cortical malformation, surgery
for disconnection or resection can be performed.
Focal cortical dysplasia, an alteration of cortical
development, is the most common cause of
symptomatic drug-resistant epilepsy, and surgery
can achieve seizure control. Even if, pre-operative
imaging modalities are able to detect cortical dis-
orders, the intra-operative identification and visu-
alization remain a challenge [27]. For these
patients, the most important factor in terms of
seizure freedom is the complete removal of the
dysplastic tissue, and a poor outcome may be
explained by the lack of direct identification of
boundaries between dysplastic and normal paren-
chyma. The use of iCEUS used at our institution
enables better visualization of the dysplastic area,
in order to achieve a total resection. Some drug-
resistant seizures are due to the presence of other
lesion types, such dysembryoplastic neuroepithe-
lial tumor (DNET). A DNET is a Grade I WHO
tumors described as a neuronal and mixed neuro-
nal-glial tumor [28]. A simple “lesionectomy”” is
often sufficient for seizure control, and the use of
iCEUS to delineate and identify a DNET
(Fig. 19.5) is essential, even when surgery is a
simple disconnective procedure, where the resec-
tion of parenchyma should include the lesion
(Fig. 19.6).
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Fig.19.1 High-grade glioma in a 13-year-old female. (a)
Axial T1 MR image with contrast, showing a left fronto-
temporo-insular intra-parenchymal tumor, with annular
enhanced ring (arrow) and large cystic component. (b)
Intraoperative visualization on B-mode US (arrow) of the
cystic tumor. (¢) The corresponding iCEUS imaging

Anterior

Ventricle

Posterior

showing the cystic tumor and enhancing rim (arrow). The
iCEUS images show the rich peri-tumor vascularization,
confirming the lack of intra-tumor vessels, with a fluid
fulfilled cystic component. Histology confirmed the sus-
pected intraoperative diagnosis of  glioblastoma
multiforme
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Fig.19.2 Frontal glioblastoma in a 16-year-old male. (a)
Axial T1-weighted contrast MR image shows a left frontal
para-sagittal intra-parenchymal tumor no enhancement
with contrast (star). (b) Sagittal T1-weighted contrast MR
image shows a left frontal para-sagittal intra-parenchymal
tumor no enhancement with contrast (star). (¢) Dual
screen mode. On the B-mode US examination, the tumor
was slight hypoechoic (star). Following CEUS, arterial
feeders and macro-vessels related to tumor neo-

Ventricle

-

angiogenesis within the lesion are clearly visible (star),
along with the typical peripheral centripetal enhancement
recognizable. The distal branches of anterior cerebral
artery were identifiable around corpus callosum (arrow-
head). Histology confirmed a glioblastoma multiforme.
Glioblastoma multiforme and high-grade glioma usually
demonstrate brief contrast enhancement (20-30 s after
UCA injection) with a rapid arterial phase (2-3 s), rapid
time to peak, and a disordered intra-lesion flow pattern
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Fig. 19.3 Teratoma in a 3-year-old boy with previous
multiple subtotal tumor resections. (a—c¢) Multiplanar (a;
axial, b; Sagittal, and ¢; Coronal) MR TI1-weighted
images following contrast administration demonstrate a
large multi-cystic, inhomogeneous tumor (arrow) arising
from mesencephalic region with endo-ventricular exten-
sion. (d) On the B-mode US in a sagittal plane, the varie-
gate tumor composition (arrow) is demonstrated, with

Posterior

anechoic and hyperechoic structures. (e) Intraoperative
CEUS confirms the heterogeneous appearances, with
multiple cystic and solid areas, with a slow—-moderate
arterial phase, the degree of enhancement reflecting the
heterogeneous composition (likely due to the coexistence
of cystic, fatty, and calcified elements). Patient in the sit-
ting position adversely affects the quality of the iCEUS
examination (see text)
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Fig. 19.3 (continued)

With drug-resistant seizures not secondary to
cortical malformation or other lesions, disconnection
or resection procedures can be performed. The most
common procedure is the anteromesial temporal
lobectomys; the resection includes anterior temporal
lobe, along with resection of mesial structures: the
uncus, a large part of the amygdala, and approxi-
mately a 3 cm length of the hippocampus/para-hip-
pocampus. Intraoperative CEUS can be helpful to
identify the middle cerebral artery branches and
other anatomical landmarks that represent the mar-
gin of resection, as well as the choroid plexus or
anterior choroidal artery.

19.3.3 Chiari Malformation

Chiari malformation Type I (CM-I) is a congen-
ital disease in which the cerebellar tonsils herni-
ate below the foramen magnum, causing an

obstruction to normal cerebro-spinal fluid (CSF)
circulation between brain and spinal compart-
ment; a strain headache is the most common
symptom [29, 30]. The incidence and preva-
lence are variable, estimated at 8 per 1000 live
births. The incidence of symptomatic cases of a
CM is low compared with a variant low tonsillar
position. The cases of CM found incidentally on
imaging are asymptomatic; the prevalence of
low tonsillar position is higher in children com-
pared with older adults and can disappear with
growth [31]. A Chiari malformation can be
associated with spinal cord syrinx, a dilatation
of central ependymal canal; a further sign of
CSF flow alteration [29]. The presence of syrin-
gomyelia is considered an indication for treat-
ment usually by an osteo-dural decompression
of the posterior fossa, with the aim to establish
and restore adequate CSF flow. There is no con-
sensus on the optimal technique: the extension
of bone decompression, dural opening with
duraplasty, arachnoid debridement, coagulation,
and sometimes also resection of the cerebellar
tonsils should be adapted specifically to each
single patient.

Intraoperative US has been used to better
define the cranio-vertebral junction and the sur-
rounding structures, as well as retro-cerebellar
space and cisterna magna, and particularly to
identify CSF dynamic and real-time flow through
the foramen magnum, prior to opening the dura
and subsequent dural closure or duraplasty [32,
33]. Intraoperative CEUS is superior to B-mode
US in the evaluation of the dynamic pathophysiol-
ogy and venous engorgement, which can contrib-
ute to the intramedullary alteration. Intraoperative
CEUS can also identify and delineate arterial
structures, such as the vertebral artery, in associa-
tion with Doppler examination (Fig. 19.7).

19.3.4 Moyamoya, Arteriovenous
Malformation, and Other
Neurovascular Diseases

Vascular neurosurgery using iCEUS may be
applied in patients with aneurysms, arteriovenous
malformations (AVM), and whenever a vessel
undergoes prolonged surgical manipulation.
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Fig. 19.4 Fronto-temporal abscess in a 9-year-old boy.
(a) An abscess is seen as a peripheral enhancing rim
(arrow) with a large, homogeneous anechoic center (aster-
isk) corresponding to the fluid component, on the axial
contrast T1-weighted MR image. (b) The abscess (aster-
isk) is also demonstrated in the coronal contrast
T1-weighted MR image. (¢) Intraoperative CEUS was
performed after an unsuccessful stereotactic evacuation

Intraoperative CEUS can help to estimate cere-
bral perfusion based on the UCA flow dynamics,
in aneurysm surgery iCEUS can evaluate mor-
phology and spatial orientation of the sac, assess-
ing proximal and distal vessels, even prior to
direct surgical exposure. After aneurysm clip-
ping, iCEUS can assess distal flow and vessel
patency. In AVM surgery, iCEUS identifies the
nidus, feeding and draining vessels, and finally
permits assessment of any residual cavity.

(due to the thickness of the capsule, abscess; asterisk,
small arrow enhancing abscess wall). A small craniotomy
was fashioned during the procedure and, without CT eval-
uation, there was an appreciation that no dissemination of
the abscess material had occurred. A small convex trans-
ducer was used to accommodate the limited dimensions of
the bone flap. Cerebral falx (large arrow) is seen as intense
CEUS enhancement

Another application of iCEUS is in the evalua-
tion of any revascularization surgery. Moyamoya
disease is a cerebrovascular syndrome character-
ized by progressive stenosis of the intracranial
internal carotid arteries and their proximal
branches, predisposing to ischemic and hemor-
rhagic events [34, 35]. Moyamoya is the most
common pediatric cerebrovascular disease in
Japan, with a prevalence of 3 per 100,000 children,
while the incidence in Europe appears to be about
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Fig. 19.5 A 4-year-old female affected by seizures previ-
ously underwent a biopsy without a diagnosis established.
(a) An axial contrast MR image depicts a solid left pari-
etal tumor (arrows) with cystic intra-tumor component
and only partial, moderate contrast enhancement. The pre-
vious biopsy site (asterisk) is noted. (b) A sagittal contrast
MR image depicts a solid left parietal tumor (arrows) with
cystic intra-tumor component and only partial, moderate

contrast enhancement. The previous biopsy site (asterisk)
is noted. (¢) The B-mode US illustrates a hyperechoic,
slight homogeneous tumor (arrows). (d) The iCEUS con-
firms findings of slow enhancement diffusing to the entire
tumor (black arrows). The large arrow demonstrates
venous vascular enhancement. Histology following total
resection was of dysembryoplastic neuroepithelial tumor
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Fig. 19.6 A 9-year old boy with a mesial temporal gan-
glioglioma. (a) A coronal fluid-attenuated inversion
recovery MR image of a left mesial temporal gangliogli-
oma (arrow). (b) An axial T2-weighted MR image of a left
mesial temporal ganglioglioma (arrow). (¢) The tumor

appears hyper-echoic on the B-mode US (arrow). (d) On
the iCEUS absence of contrast enhancement is noted in
the lesion (arrow). Absence of contrast enhancement is
also absent on traditional neuroradiological examinations
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Fig. 19.7 An 8-year-old girl with the Chiari syndrome;
cervical syringomyelia, cerebellar tonsillar ectopia
through the foramen magnum. (a) Axial T2-weighted
image of a Chiari syndrome and cerebellar tonsillar ecto-
pia through the foramen magnum and a syrinx is seen
(arrow). (b) Coronal T2-weighted image of a Chiari syn-
drome and cerebellar tonsillar ectopia through the fora-
men magnum (arrow). (¢) A syrinx (asterisk) is visible on
the pre-operative sagittal T1-weighted sequence. Tonsillar

herniation is evident (arrow). (d) A color Doppler US
demonstrating some CSF flow (box). (e) Intraoperative
CEUS in an axial plane is useful during surgery to confirm
partial subarachnoid space occlusion and abnormal cere-
bellar tonsils motion. (f) Intraoperative CEUS identifies
vascular structures (arrows) and allows demonstration of
the variation of CSF dynamics following dura-plasty. Less
visible color Doppler US
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Fig. 19.7 (continued)

1/10th of the Japanese population. Symptoms are
related to ischemic events, while in children the
rate of hemorrhage is less than in adults [35, 36].
The diagnosis is based on imaging with arteriogra-
phy definitive. Surgical treatment is revasculariza-
tion of the cortical surface, based on direct and
indirect pathways to restore valid circulation from
the external carotid artery. Direct revascularization
is with an extra-intracranial bypass, with the
superficial temporal artery directly anastomosed
to a cortical artery arising from the middle cerebral
artery; the indirect revascularization is based on
encephalo-duro-arterio-synangiosis or encephalo-
myo-arterio-synangiosis, which requires some
time to establish blood flow. This is a consequence
of the revascularized tissue (dura and temporalis
muscle) being directly placed on cortical surface.
Traditionally, the two techniques are performed
together during the same surgical procedure.
Intra-operative CEUS may be used to confirm
pre-operative findings, demonstrating stenosis or
occlusion of an internal carotid artery and the dis-
tal branches, and may also identify the most
appropriate cortical arteries to accept the external
carotid artery following extra-intracranial bypass
(Fig. 19.8). Intra-operative CEUS may also con-
firm the patency of a temporal artery-middle
cerebral artery bypass. Post-operative CEUS can
be considered for non-invasive follow-up, to
avoid other more invasive or time-consuming
examinations while assessing the patency of by-

pass or the neo-cortical flow, with the added
advantage of reducing radiation exposure and
iodinated contrast agents in children [17].

19.3.5 Intramedullary Tumors

Primary pediatric spinal cord tumors are rare
neoplasms in childhood, with a frequency of 0.19
per 100,000 person-years. The incidence varies
by age, and increases between the 0-4 years
(0.17 per 100,000 person-years) and to the ages
of 15-19 years (0.28 per 100,000 person-years).
Pediatric intramedullary spinal cord lesions also
differ from adult tumors in a number of aspects
[37-39]. Astrocytomas and ependymomas con-
stitute the most common intramedullary spinal
lesions in children, with developmental tumors
predominating in the first decade [37, 39, 40].
Children usually present with good functional
grades pre-operatively and maintain this follow-
ing surgery. Long-term functional outcome
depends on the pre-operative neurological status
and histopathology of the lesion. Surgical exci-
sion is the standard treatment option, although
with a considerable risk of neurological deficits,
in particular when myelotomy is performed.
Intra-operative US improves outcome, allowing a
reduction of neural structure manipulation, which
may lead to worsening of neurological symp-
toms. Intramedullary pediatric tumors appear
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Fig. 19.8 A 6-year-old girl affected by bilateral
Moyamoya disease and suffering from multiple ischemic
attacks. (a) The coronal CT angiogram images show rar-
efaction of fronto-temporal vascularization (square box).
(b) The axial CT angiogram images show rarefaction of
fronto-temporal vascularization (circle, MCA: middle
cerebral artery). (¢) Vertebral artery angiography confirms
partial revascularization by the posterior circle of Willis

I. G. Vetrano et al.

(VA: vertebral artery), with the typical “puff of smoke”
appearance of lenticulostriate arteries (arrow). (d) Intra-
operative color Doppler US demonstrates an incompletely
visualized circle of Willis (circle). (¢) A B-mode US and
iCEUS (dual image) confirm the “puff of smoke” appear-
ance. (f) Intraoperative CEUS is able to depict flow reduc-
tion of the anterior circulation (MCA). The circle of Willis
polygon is clearly identifiable (circle)
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variably hyper-echoic compared to the spinal
cord, with a circumscribed and homogeneous
aspect, sometimes with intra-lesion or peri-lesion
cysts or dilation of the central ependymal canal.
The spinal cord, if normal, usually appears hypo-
echoic and homogeneous. The presence of
edema obscures the delineation of the hyper-

echoic aspect of the tumor, making it difficult to
distinguish between the lesion and the surround-
ing compressed and/or infiltrated spinal cord.
Some intramedullary tumors such as hemangio-
blastoma or ependymomas present cystic intra-
tumor or peri-tumor structures (Fig. 19.9).
Tumor-related syrinx may also be present and be

Fig. 19.9 Intramedullary cervico-thoracic hemangio-
blastomas in a 14-year-old boy. (a) Axial multi-slice
T1-weighted post-contrast MR images show a D3 nodular
tumor (thick arrow) with homogenous contrast enhance-
ment, surrounded by a cystic cavity with septations (thin
arrow). Cyst capsules and the altered spinal cord in
between the nodules show enhancement after contrast. (b)
Sagittal (rotated image of 90° to the left of (a))
T1-weighted post-contrast MR images show a D3 nodular
tumor (thick arrow) with homogenous contrast enhance-
ment, surrounded by a cystic cavity with septations (thin
arrow). A further smaller and upper oval lesion is visible
(asterisk). The pre-operative imaging was unclear if this

was a syrinx or a peri-tumor cyst. (¢) Axial trans-dural
IOUS confirms the presence of hyperechoic tumor (large
arrow), but it was not possible to clearly differentiate
edematous spinal cord (triple arrows) from the tumor, par-
ticularly as the spinal cord appeared hyperechoic, due to
edema. Intra-operative CEUS clearly identified tumor—
myelon interface (triple arrows). (d) Sagittal trans-dural
IOUS confirms the presence of hyperechogenic tumor, but
it was not possible to clearly differentiate edematous spi-
nal cord (triple arrows) from the tumor, particularly as the
spinal cord appeared hyperechoic, due to edema. CEUS
clearly identified tumor—myelon interface (triple arrows)
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Fig. 19.9 (continued)

difficult to distinguish from tumor cysts, even
when septations within tumor-derived cysts are
thicker and more nodular than the thin partitions
that are common with a syrinx. Astrocytomas can
appear isoechoic to the spinal cord, and the sur-
face between tumor and myelin is not clearly
delineated. Intraoperative CEUS can be helpful
to better delineate the nodular aspect of the tumor
or distinguish an intramedullary glioma with
respect to the spinal cord.

19.3.6 Spinal Dysraphism and Other
Spinal Alterations

Spinal dysraphism is a group of developmental
anomalies characterized by malformations in the
embryonal dorsum, comprising also neural tube
defects. Dysraphism comprises a subset of differ-
ent malformations, characterized by caudal
lesions affecting the spinal cord, vertebrae, and
skin in different grades, all of them consequences

of failure of fusion of the caudal neural tube [41,
42]. The prevalence of spinal dysraphism varies
across time, by region, and by ethnicity. These
conditions can carry severe neurological morbid-
ity, with arm and leg weakness and paralysis,
sensory loss, bowel and bladder dysfunction, and
orthopedic abnormalities. Filum lipoma results
from a developmental error in mesodermal cell
migration, arising from the filum terminale. A
fatty filum can become symptomatic if resulting
in a tethered cord syndrome, with a low-lying
conus (tip of the conus at or below the midpoint
of L2). Intraoperative CEUS can aid to better
identify the lipoma of the filum and to delineate
the lipoma with respect to surrounding nerves. A
spinal arachnoid cyst may cause spinal cord com-
pression [43] with trans-dural CEUS showing the
boundaries between the spinal cord surface, and
vascularization, to better delineate the cyst
boundaries and evaluating intra-cystic septations;
these septations need to be fragmented to estab-
lish CSF circulation (Fig. 19.10).
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Fig 10 A 10-year-old girl harboring a dorsal arach-
noid cyst. (a) Sagittal T2-weighted MR images demon-
strate an extensive hyperintense olodorsal arachnoid cyst
(large arrow), causing an anterior dislocation of the spinal
cord (hypointense, thin arrow). (b) Multi-slice axial
T2-weighted MR images demonstrate an extensive hyper-
intense olodorsal arachnoid cyst (large arrow), causing an
anterior dislocation of the spinal cord (hypointense, thin
arrow). Due to the severe compression and subsequent

neurological symptoms, the patient underwent surgery for
cyst fenestration. (¢) On the B-mode US the cyst appears
hypoechoic, compressing the iso-echoic spinal cord. The
vertebral bodies and intervertebral discs (IVD) are clearly
recognizable. (d) Intraoperative CEUS further delineated
the interface between cyst and dorsal spinal cord surface,
without intra-cystic vessels or solid structures. The dura
mater presented an intense and homogeneous enhance-
ment (arrows)
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Fig. 19.10 (continued)

19.4 Conclusions

Intra-operative CEUS represents a promising
technique to assess and guide neurosurgical pro-
cedures in the pediatric population. This tech-
nique can help intraoperative definition and
relationship between tumor and surrounding
structures, and visualize brain and spinal tumor
remnants after resection. Intra-operative CEUS
provides valuable biological information about
tumor perfusion and vascularization, possibly
changing the surgical strategy for tumor removal.
Intra-operative CEUS can be useful also for non-
invasive follow-up in neurovascular disease.
Despite the anecdotal application of iCEUS in
pediatric neurosurgery, further studies can con-
firm the usefulness, with the aim to better under-
stand the pathophysiological substrate of different
CNS afflictions.
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20.1 Principles of Contrast-
Enhanced Ultrasound
in Pediatric Interventional

Radiology

Image guidance when performing any interven-
tion greatly increases the efficacy and precision
of targeted therapy, and it allows minimally inva-
sive procedures that limit post-procedure mor-
bidity. Current modalities used for procedure
guidance are fluoroscopy, ultrasonography (US),
computed tomography, and magnetic resonance
imaging. The choice of modality is often based
on criteria which include ease of use, availability,
spatial resolution, contrast resolution, and tempo-
ral resolution.

Significant benefits of US are the ability to
perform imaging in any plane, excellent temporal
resolution—one can visualize the intervention in
“real-time” and easy availability, with the ability
to perform procedures away from the interven-
tional suite. For pediatric interventions, US has
the added benefit of superior spatial resolution, as
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smaller patients allow the visualization of deep
tissues with high-frequency transducers, a luxury
often not afforded with adult interventions. Also,
particularly important for children is that the US
does not produce any ionizing radiation, and
therefore carries no carcinogenic risk. Limitations
of US in comparison to other modalities include
operator-dependent performance, limited visual-
ization in patients with large habitus, inability to
see through the bone cortex and bowel gas, a
decreased field-of-view, and less contrast resolu-
tion than computed tomography (CT) and mag-
netic resonance (MR) imaging. While these first
two limitations are constitutional to the US, the
final limitation has greatly been ameliorated by
the advent contrast-enhanced US (CEUS) [1].

20.2 Technique

There are a variety of ultrasound contrast agents
(UCA) on the market. With regard to pediatric
applications, sulfur hexafluoride lipid-type A
microspheres (SonoVue™/Lumason™, Bracco,
Milan/Monroe Township NJ) is the most widely
used UCA in Europe and Asia and has been
approved by the US Food and Drug Administration
for the characterization of pediatric liver lesions
and for intracavitary use in voiding sono-
urography. Imaging is begun immediately after
administration of the UCA and often viewed in a
split-screen display, or alternatively in overlay
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mode wherein the contrast image is overlaid on
the B-mode (grayscale) image, with activation of
the contrast timer.

Contrast-enhanced ultrasound is performed
with low MI (<0.2), and this allows imaging
down to a depth of 12 cm, which is generally
adequate for most pediatric interventions.
Default settings of the contrast software are
often adequate for imaging during the interven-
tion, but additional setting packages such as
“resolution” or “penetration” (which adjust
transmit frequency) are available on most
machines for simple optimization. The focal
zone should be positioned just deep to the target
tissue, and the gain should be set so that, before
contrast infusion, the image is dark, but with
only a slight amount of noise. The dynamic
range may be tailored for the procedure; a small
range will accentuate vessels, but a wider range
will allow different degrees of tissue enhance-
ment [2].

20.2.1 Intravascular Administration

In contrast to diagnostic applications, establish-
ing venous access is rarely a logistical hurdle for
interventional CEUS. Children often present for
an interventional radiology procedure with
venous access already established, as procedures
are often done with moderate sedation or general
anesthesia. In patients with no venous access,
venous access can be obtained in the interven-
tional suite. To aid patient comfort, this can be
done after the induction of anesthesia or with US
guidance.

Ultrasound contrast agents may be adminis-
tered through a central venous catheter or periph-
eral venous cannula. For the latter, it is advised
that the cannula be at least 22 gauge in size and
preferably 20 gauge. Using standard sterile tech-
nique, the UCA is injected gently via a three-way
connector through the in-line port, with the
orthogonal port connected to normal saline to
allow the saline flush. It is preferred that the UCA
is not injected through a hemostatic “clave” con-
nector, as this may prematurely burst the micro-
bubbles. In addition, connectors and valves in

central venous catheters may burst the UCA,
necessitating a higher dose.

Intravascular UCA dose is dependent on the
specific agent and may have to be further adjusted
depending on the US transducer used, contrast
software, and size of the patient [2]. Linear trans-
ducers may require higher UCA doses, as scatter-
ing from microbubbles is less efficient at high
frequencies. The standard intravenous dose is
0.03 mL/kg of sulfur hexafluoride reconstituted
in 5 mL of sterile normal saline. To allow more
prolonged UCA enhancement, additional boluses
of UCA may be given, and if necessary, a con-
tinuous slow infusion may be performed. For sul-
fur hexafluoride lipid, the reconstituted UCA is
infused by the pump at 1 mL/min.

The major absolute contraindication to UCA
use is a history of hypersensitivity to the agent.
Anaphylaxis is rare (about 1 in 7000), but an
increased incidence of a serious allergic reaction
to sulfur hexafluoride has been reported [3, 4].
Resuscitation medications and equipment must
be readily available.

20.2.2 Intracavitary Administration

Intracavitary administration of UCA requires a
prior needle or catheter access. For access, UCA
may be useful to increase visualization of the
needle, which is achieved by flushing a few drops
of dilute UCA through the hub and shaft. Access
is performed in dual-screen or overlay mode, and
successful cannulation is confirmed when UCA
diffuses into the target or is pushed out of the
needle by fluid egress from the target.

UCA may be infused into either physiologic
or pathologic cavities. As the enclosed space is
much smaller than the blood pool, the UCA must
be significantly diluted. A dilution of 1:100 (i.e.,
1 mL of reconstituted microspheres in 100 mL
normal saline) is reasonable. For enteric adminis-
tration, the UCA is diluted in water at room tem-
perature. The injection is performed with a sterile
technique, and post-contrast administration
imaging is performed as described in the prior
section. Microbubbles remain stable in the cavity
longer than in the blood pool, 20-30 min for
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sulfur hexafluoride lipid. If an immediate repeat
examination is necessary, the UCA may either be
aspirated out of the cavity or the microbubbles
burst by repeated high mechanical index (MI)
pulses, before a fresh injection.

20.3 Applications

With either the intravascular and intracavitary
applications, the distribution of UCA within the
target improves visualization of the region of
interest and provides valuable guidance during
the procedure. Besides, CEUS is often used as a
problem-solving tool to guide decisions in patent
management after completion of the procedure.

20.3.1 Intravascular Applications
Microbubbles within the UCA measure 2—-6 pm

in diameter, and when administered in the blood
pool, UCA remains in the blood pool without

Fig.20.1 (a) A split-screen display of a CEUS examina-
tion (left: grayscale. Right: CEUS) demonstrates a mass
in the right lower quadrant of the abdomen. An area of
necrosis, demonstrated as a non-enhancing area within the

entering the interstitial space, and therefore offers
an excellent characterization of the “target”
vascularity.

20.3.1.1 Biopsy

A primary application of CEUS in interventional
radiology is biopsy guidance. A UCA is some-
times useful to increase the conspicuity of the
lesion, given the lower contrast resolution of
grayscale US relative to computed tomography
(CT) or magnetic resonance (MR) imaging. This
may be particularly useful for small lesions in
homogeneous solid viscera such as the liver. In
children, this is frequently in the setting of con-
cern for metastasis, as primary liver neoplasms,
while uncommon, are frequently large at presen-
tation and readily visible on conventional sonog-
raphy. More frequently, CEUS is used in biopsy
guidance to determine the optimum site of biopsy
within the tumor, as enhancement indicates most
viable regions of the tumor. Biopsy of non-
necrotic regions would increase diagnostic yield
(Fig. 20.1). Acquisition of viable tissue may be of

mass, is demonstrated on CEUS (arrows). (b) On
US-guided biopsy, the necrotic area within the lesion was
avoided, guided by the CEUS findings



248

A. Srinivasan and D. Y. Huang

particular concern if genetic analysis of tissue for
next-generation sequencing is desired. The use of
CEUS can shorten the procedure, as it can
increase the confidence of adequate sampling,
thereby decreasing the number of passes the
interventionist would make, and also decrease
the need for frozen section analysis during the
procedure. Similarly, the assessment of perfusion
during a biopsy can help avoid large vessels
coursing through or around the tumor, therefore
decreasing the risk of hemorrhage after a biopsy.
If there is a concern for significant post-procedure
hemorrhage, this can be assessed by CEUS of the
region of intervention, often faster and with less
logistical complexity than CT [5]. The excellent
depiction of vasculature allows for the easy
detection of pseudoaneurysms [6].

CEUS may also be used to guide decisions
during the procedure, and this aspect would apply
diagnostic principles of CEUS. Illustrative sce-
narios include use of CEUS to distinguish com-
plex fluid collections (which may have a
questionable solid appearance on the grayscale
US) from solid tumors, and this would determine
whether the procedure is a drainage or a biopsy,
without having to perform a CT or MR examina-
tion (Fig. 20.2). Furthermore, based on the
enhancement pattern, a lesion may be demon-
strated to be benign in the interventional suite,
therefore obviating the need for biopsy [1].

20.3.1.2 Interventional Oncology

Interventional oncology, the application of
interventional radiology towards targeted
destruction of tumors, is an established pillar
of cancer therapy in adults, and these tech-
niques, while less frequently indicated in chil-
dren, are gaining recognition in pediatric
oncology. A practical application of CEUS
would be for intra-procedural and post-proce-
dural feedback: tumor vascularity is assessed
before and after ablation (radiofrequency abla-
tion, cryoablation, microwave ablation, etha-
nol  ablation, high-frequency  focused
ultrasound, and irreversible electroporation).
The demonstration of cessation of contrast
enhancement provides strong confirmation of
the adequacy of treatment (Fig. 20.3), and the
lack thereof would indicate further ablation is
necessary. Contrast-enhanced ultrasound pro-
vides superior spatial and temporal resolution
of tissue perfusion than other modes of cross-
sectional imaging. In adults undergoing abla-
tion of hepatoma, the absence of perfusion
after ablation has shown to be highly predictive
of therapeutic success, and residual tumor
detection is at least commensurate with other
imaging modalities [5]. Immediate post-abla-
tion assessment of tissue perfusion is best
suited for cryoablation, as a collection of gas in
the treatment area from tissue vaporization will

Fig. 20.2 (a) Color Doppler US examination in a boy
with a history of neuroblastoma revealed an indeterminate
hypoechoic focal abnormality. (b) CEUS performed in the

interventional suite showed the rim-enhancement of the
lesion, consistent with abscess, and a drainage, instead of
a biopsy, was performed
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Fig. 20.3 (a) A split-screen display of a CEUS examina-
tion (left: grayscale. Right: CEUS) in a 3-year-old male
demonstrates a metastatic rhabdomyosarcoma at the right
shoulder. The lesion demonstrates enhancement (arrows)
relative to the surrounding structures on CEUS, and there

hinder US assessment immediately after radio-
frequency or microwave ablation [5]. Similarly,
intra-arterial administration of UCA has been
used to guide embolization (confirm appropri-
ate sub-selectivity) and to determine adequacy
treatment during trans-arterial embolization of
liver tumors [7].

20.3.1.3 Vascular Access

CEUS may be used for planning in cases of chal-
lenging venous access. Patients with a history of
multiple or long-term central venous access often
develop central venous stenosis or occlusion.
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was early washout. (b) A split-screen display of a CEUS
examination (left: grayscale. Right: CEUS) was per-
formed immediately following cryoablation, showing
absence of enhancement of the ablated lesion and indicat-
ing a successful ablation

Smaller children are particularly susceptible to
these complications, as the catheter occupies a
larger cross section of the venous lumen, reduc-
ing flow and predisposing to thrombosis and inti-
mal hyperplasia, which then evolves to stenosis
or occlusion. This can significantly complicate
venous access [8]. To date, at-risk patients are
commonly assessed by CT or MR venography,
interventional venography, or Doppler sonogra-
phy. CEUS venography may demonstrate central
venous stenosis to good advantage (Fig. 20.4)
and has the added benefit of ease-of-use and the
lack of ionizing radiation.
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Fig.20.4 (a) CEUS and the corresponding (b) venography of the left subclavian vein. Both examinations demonstrate
a focal stenosis (block arrow) at the distal left subclavian vein

20.3.2 Intracavitary Applications

The distribution of the contrast agent within a
cavity can provide valuable information to deter-
mine the adequacy of intervention and post-
procedure management. Endocavitary CEUS can
also be used as a problem-solving tool to assess
complications related to interventions (e.g., cath-
eter dislodgement) or the underlying disease pro-
cess (e.g., fistula formation). These applications
often enhance or supplant conventional fluoro-
scopic or CT techniques, and can facilitate the
care of critically ill children, as they can be per-
formed at the bedside and also without ionizing
radiation. While some of these applications may
be performed with agitated saline infusion and
the grayscale US, CEUS offers improved visual-
ization and the ability to see delayed filling of
communications and compartments, as the
microbubbles in the UCA are more stable than
those of agitated saline [3].

20.3.2.1 Drainage

CEUS gives an excellent definition of the cavity
size and shape. Large abscesses are often multi-
loculated and may require multiple drains. After
the initial catheter placement, demonstrated fill-
ing of the entire volume of a multiloculated col-
lection may confirm procedure endpoint without

fluoroscopy, and obviate the need for additional
catheter placement.

Concerning management post-procedure,
CEUS of the drained cavity can be used to verify
the position of the drain, demonstrate fistulous
communication, and characterize the state of the
cavity before drain removal (Fig. 20.5). For
example, inflammatory collections such as empy-
ema contain complex proteinaceous material that
forms membranes/loculations and greatly
increase fluid viscosity, limiting the efficacy of
drainage. The fluid can be mobilized by intracav-
itary infusion of a fibrinolytic agent (e.g., uroki-
nase or tissue plasminogen activator), but the
response to fibrinolysis must be monitored to
ensure adequate management. The progress of
adequate fibrinolysis can be assessed with good
confidence by infusion of UCA into the cavity
(Fig. 20.6). In cases of high or abnormal output
after drainage, CEUS provides an excellent
depiction of fistulae and can be used to track res-
olution. CEUS can be easily performed at the
bedside and allows imaging in multiple planes
with greater spatial and contrast resolution than
fluoroscopy.

20.3.2.2 Sclerotherapy
Endocavitary CEUS can minimize or obviate the
use of fluoroscopy for certain slow-flow vascular
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Fig. 20.5 (a) CT images of a multi-loculated pelvic
abscess (arrows). (b) A split-screen display of an intra-
cavitary CEUS examination (left: grayscale. Right:

-
a p—

Fig. 20.6 (a) A chest radiograph demonstrates a left
empyema with a pleural drain in situ. (b) A split-screen
display of an intracavitary CEUS examination (left:
CEUS. Right: grayscale), with contrast instilled through
the pleural drain, demonstrates a loculated empyema, with
microbubbles confined within a loculated collection

CEUS) confirms adequacy of treatment from a single
trans-rectal drain, with all loculations within the collec-
tion filled with microbubbles after instilling the contrast

around the pleural drain (arrows). (¢) Following fibrino-
lytic infusion through the pleural drain, a repeat intracavi-
tary CEUS (left: CEUS grayscale. Right: grayscale;
coronal image) demonstrates microbubbles diffusing
through the pleural space
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Fig. 20.7 (a) A T2-weighted MRI image showing the
high signal intramuscular vascular malformation (arrows).
(b) The grayscale US image demonstrates an intramuscu-
lar vascular malformation at the right shoulder as mixed
echogenicity areas in the subcutaneous tissue. (¢, d)
CEUS (left) and corresponding fluoroscopic (right)

malformations (specifically, lymphatic and non-
diffuse venous malformations which lack robust
outflow into deep veins). Using principles similar
to those highlighted with drainage, the distribu-
tion of UCA in the malformation can be used to
determine whether all components of the malfor-

images during CEUS-guided sclerotherapy. CEUS can be
used to assess for complete treatment, as injection into
separate sites shows microbubble filling of the different
compartments of the larger lesion, as depicted on the fluo-
roscopic images (curved arrows and arrowheads)

mation have been filled. If areas of the malforma-
tion do not fill with UCA, this would mandate
separate access to these areas (Fig. 20.7). CEUS
allows excellent characterization of the lesion
before installation of the sclerosant; the scle-
rosant is often constituted as a foam, and once it
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is injected, the lesion may no longer be ade-
quately seen on the US.

In instances of sclerotherapy of cysts that
are not strictly vascular malformations, CEUS
may be useful in documenting the lack of com-
munication with normal parenchyma. For
example, this utility may be beneficial in
sclerotherapy of a symptomatic renal cyst if
there is a question of communication with the
collecting system, before instilling an offend-
ing sclerosant (Fig. 20.8).

20.3.2.3 Urinary and Biliary Tracts
Access to non-dilated collecting systems can be
greatly aided by CEUS [9]. As described above,

-
-
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Left Kidney

Fig. 20.8 (a) A coronal T2-weighted image of the abdo-
men and (b) a grayscale US image of the left kidney dem-
onstrate a large cystic structure within the left kidney
(arrows). (¢) A split-screen display of an intracavitary

instilling UCA into the needle before access
improves needle visualization. With successful
access to the renal collecting system, the UCA
will flow away from the needle and fill the calyx,
allowing access with the US instead of fluoros-
copy. However, if UCA is injected without ade-
quate access to the calyx or a bile duct, the UCA
will remain in the parenchyma, but stagnant
microbubbles can be destroyed with high MI
scanning. Therefore, a failed access attempt will
not result in a “blob” that impedes visualization
in subsequent attempts, as can be encountered
with fluoroscopy [6].

Once access is obtained, CEUS cholangiogra-
phy or antegrade nephrostogram (Fig. 20.9) can

Lt Kidney

CEUS examination (left: CEUS. Right: grayscale) con-
firms no communication (arrowheads) between this cyst
with the renal collecting system. The CEUS finding per-
mits sclerotherapy to be safely performed
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Fig. 20.9 (a) A coronal MR cholangiogram image dem-
onstrates biliary dilation and cystic duct debris (arrow) of
Mirrizi syndrome. (b) A biliary drain and percutaneous
cholecystostomy were placed. (¢, d) Resolution of the

obstructing debris was followed with bedside CEUS
(split-screen display, left: CEUS. Right: grayscale) with
contrast flowing into the cystic duct and duodenum (open
arrows)



20 Contrast-Enhanced Ultrasound in Pediatric Intervention

255

GALLBLADDER

Fig. 20.9 (continued)

be performed, with all the previously described
advantages over fluoroscopy. The ureter and the
site of any obstruction can be well visualized, as
can the central biliary ductal system—UCA can
also be followed into the small bowel (Fig. 20.10)
[5]. As with drainage of other collections, CEUS
can be used to assess post-procedure complica-
tions such as catheter dislodgement, leakage, fis-
tula, and hemorrhage.

20.3.2.4 Other Intracavitary
Applications

Myriad other endocavitary applications have

been described. In the enteric system, a UCA

enema may be performed with primary gastros-
tomy placement to delineate the large bowel in
relation to the stomach. The advantage over fluo-
roscopy is that one can easily determine whether
the colon is superficial or deep to the stomach.
Injection of UCA into the stoma can confirm
appropriate tube placement and assess complica-
tions [10].

Additional applications of “endocavitary”
CEUS include assessment of ducts of the parotid
glands (CEUS sialography). Contrast-enhanced
ultrasound access techniques can also be
employed to access joints for steroid injections in
children with juvenile idiopathic arthritis.
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Fig. 20.10 Images from (a) fluoroscopic and (b) US
contrast injection of a cecostomy tube in a teenager with
constant fecal leakage from the site. (¢) CEUS of tract

20.4 Conclusion

Contrast-enhanced ultrasound is an asset to inter-
ventional radiology and offers manifold advan-
tages that can facilitate the procedure and enhance
patient care. While currently US contrast is best
indicated for biopsy guidance, ablation control, and
follow-up and drainage procedures, these are by no
means limitations to the impactful use of CEUS in
pediatric interventions. With added experience,
new applications will undoubtedly be found, and
these would only be bounded by the inventiveness
of the enterprising interventional radiologist.

injection after tube removal shows two parallel tracks
(arrows). One of the tracks is the stoma and the other an
enterocutaneous fistula
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21.1 Introduction

Imaging has become an essential part of modern
medical practice, both in adult and pediatric prac-
tice. Increasingly sophisticated methods have
been developed for both detection and character-
ization of pathology through invasive and non-
invasive means. Cross-sectional imaging with
magnetic resonance (MR) or computed tomogra-
phy (CT) imaging has come to the forefront, with
the latter being of dominant use. Both modalities
are useful in providing tissue characteristic detail
and dynamic vascular imaging. However, disad-
vantages exist, CT while providing rapid pan-
oramic assessment, utilizes ionizing radiation
and nephrotoxic iodinated contrast. MR imaging
provides superb tissue characteristic detail, with
new techniques, including elastography, spec-
troscopy, or functional imaging further improv-
ing imaging. Unfortunately, MR imaging is often
a prolonged procedure, suffering severely with
movement artifact and frequently requiring seda-
tion or general anesthesia in the pediatric popula-
tion. Furthermore, the potential long-term effects
of the contrast agent used in MR imaging, gado-
linium, are still questionable, with deposition
proven within the bone and brain without an
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understanding of the possible long-term conse-
quences [1-3].

Conventional ultrasound (US) offers a
radiation-free technique of examining a patient
without the need to provide sedation/general
anesthetic and can be performed at the bedside.
While color and spectral Doppler US imaging
allow for detailed assessment of hemodynamics,
there is a lack of temporal vascular assessment.
Contrast-enhanced ultrasound (CEUS) provides
an adjunct to traditional US assessment with real-
time vascular imaging to a microvascular level.
Contrast-enhanced ultrasound lends itself well to
pediatric practice, given an established safety
record [4-6]. The critical aspect to CEUS coming
into widespread utility is that it is considered
equivalent in diagnostic imaging with CT or MR
imaging, which has been demonstrated in many
areas [7-10].

The majority of healthcare services world-
wide face escalating expenses, with an increasing
population and longer survival with multiple
comorbidities. Healthcare systems, therefore, are
finding novel ways of reducing cost without com-
promising patient care. Diagnostic imaging is a
prime target for improving expenditure levels,
primarily due to the marked increase in patient
numbers, requirement for detailed imaging, and
the need for highly skilled staff to operate the
imaging modalities. It is generally accepted that
CT and MR are the mainstays of imaging in
adults. In the pediatric population, the desire to
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reduce radiation exposure has meant that US is of
dominant use, with the added benefit of being an
economical modality [11].

21.2 Cost Implications

Few studies have examined the cost-effectiveness
of CEUS often due to the difficulty in compari-
son directly between modalities, and only a soli-
tary study to date has evaluated the
cost-effectiveness of CEUS in pediatric use [6].
The majority of the literature evaluating the cost
of CEUS is based on adult hepatic studies [12,
13].

The earliest study evaluating the economic
impact of CEUS was performed in 2007 as part
of a multicenter study in Italy [14]. Indeterminate
liver lesions on US were examined at three Italian
centers with the aim of evaluating both the ability
to characterize a focal liver lesion and assess the
economic impact. Within the Italian National
Health Service, the authors describe a minimal
capped payment for outpatient care with all care
beyond this delivered free. Hospital reimburse-
ment is based on regional tariffs and in this study
was compared with the true cost to each hospital.
Conventional diagnostic imaging pathways
resulted in a reduction in the need for CT by 89%
and MR in 77% and indeed preventing the need
for any further imaging in 89%. The resulting
cost saving equated to €162 per patient, in total a
sum of €78,902. While the authors describe inad-
equate reimbursement from the National Health
System, the deficit was less for CEUS than for
conventional diagnostic pathways. The authors
also clearly allude to the principle of CEUS being
as effective diagnostically as the usual imaging
pathways.

A similar study was conducted in the Czech
Republic (a primarily insurance-based healthcare
system) and identified a similar pattern of cost
saving with CEUS [15]. However, there was a
discrepancy between CT and MR imaging.
Contrast-enhanced ultrasound showed only a
modest reduction in cost for incidentally discov-
ered focal liver lesions of 4% while a cost reduc-

tion of 406% was present for CEUS compared to
MR imaging. Similar outcomes in two studies,
despite differences in healthcare provision lead to
the impression of CEUS as a cost-effective
modality.

A further group evaluated the cost of CEUS
in respect to incidental focal liver lesions, but
interestingly broke down the cost of the path-
way using CEUS by lesion type [16]. Factors
contributing to cost were also considered includ-
ing equipment costs and depreciation, consum-
ables costs, and staff costs. Contrast-enhanced
ultrasound was found to be more expensive than
conventional US (€46.36 vs €101.51) but was
less than half as expensive as CT imaging
(€211.48). The primary difference in cost
between US and CEUS was associated with the
contrast media charge as well as radiologist and
nursing staff cost. Comparatively, CT contrast
media was similar in cost, but the cost of CT
staff was considerably increased. Overall, the
utility of CEUS to characterize a focal liver
lesion resulted in €47,055.33 saved over a
2-year period, with CT costing 208% that of
CEUS [16].

Within this evaluation is an important abnor-
mality, the pseudo-lesion. The pseudo-lesion is
described as either focal fatty infiltration or spar-
ing, importantly these are benign but often indis-
tinguishable from a malignant lesion on
conventional US. By performing CEUS exami-
nation, resultant cost savings alone of €17,352
over 4 years were established [16, 17]. Zaim
et al. [18] analyzed the wider picture of a patient
pathway and included CEUS as a second-line
technique in addition to baseline US and conven-
tional CT and/or MR imaging. The cost analysis
was inclusive of all diagnostic tests as well as
hospital stay and treatments (including ablation,
chemo-embolization, transplantation, and resec-
tion). Over the period of follow-up (2 years), a
€452 saving was found in using the CEUS path-
way which was broken down to include €160
saving on the diagnostic pathway. With a cost-
effectiveness threshold set at €20,000, the CEUS
pathway was effective in 90% compared to only
10% in the MR/CT imaging pathway [18].
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21.3 NICE Guidelines

The rapid growth of CEUS in Europe encouraged
the National Institute of Clinical Excellence in
the United Kingdom (NICE UK) to undertake a
health technology assessment of the dominant
ultrasound contrast agent, SonoVue™ (Bracco,
Milan) [19]. The assessment identified three
areas: characterization of focal liver lesions
found in surveillance of cirrhotic patients, detec-
tion of colorectal metastases, and characteriza-
tion of incidental liver lesions. Three individual
models were used with separate assumptions
made for the analysis. Cost was based upon phy-
sician opinion combined with the additional time
and disposable costs of CEUS compared to con-
ventional US yielding a figure of £65. For sur-
veillance in cirrhosis, CEUS was found to be
inferior in sensitivity to MR imaging but when
factored in the cost increase per MR of £1063
more per scan, this resulted in an incremental
cost-effectiveness ratio (ICER) per quality-
adjusted life year (QALY) of £48,454 (above the
typical acceptable threshold of £30,000). CEUS
was found equivalent to CT but marginally
cheaper in the assessment by NICE [19].

In the model for colorectal liver metastases,
detection with CEUS was equivalent in diagnos-
tic capability to CT and was calculated to be £1
more expensive, while MR was significantly
more costly. The authors point out that although
technically CT is cheaper the difference is small
without differing clinical adequacy. When inci-
dental liver lesions were examined, there was a
reduction in cost of £52 versus CT and £131 for
MR, with further improvement noted if the con-
sequences of an incorrect etiology were found
(benign or malignant). Importantly the analysis
also considered that immediate CEUS was
highly accessible, given the directly prior per-
formed conventional US, contributing to reduc-
ing the anxiety associated with the unknown
diagnosis from a patient perspective, with a wait
for further investigations and consultations. It
was acknowledged that there remains some
uncertainty over patients who are given an incor-
rect diagnosis following CEUS. It is considered
that patients with a false-negative result are

likely to become symptomatic within a year and
so little cost effect would be encountered. The
situation becomes more complex and with it
more costly, particularly in the case of colorectal
metastases where treatment in all cases was
assumed. Overall, it was considered that the
major use of CEUS was in the rapid exclusion of
malignancy, and it is expected that CEUS can
reduce costs without reducing quality of life or
survival.

While the data for adults and in particular
hepatic use appear convincing for a cost-effec-
tive modality, CEUS efficiency has compara-
tively little evidence in the pediatric population.
A solitary study of cost-effectiveness has been
performed in pediatrics [6]. A single center,
experienced in Pediatric CEUS, analyzed
8 years” worth of studies in children under the
age of 18 years for a range of indications includ-
ing hepatic, renal, trauma, vascular, testicular,
and endocavitary use in 305 patients. Utilizing
figures quoted within the NICE assessment, the
traditional pathways for the specified indica-
tions were assessed in each case with utility of
CT or MR imaging assessed. Overall, a $16,000
saving was achieved over the study period; how-
ever, this figure was likely an under-estimate as
the figures used were based on adults in the
NICE assessment [19]. The authors redefine
doses in pediatric practice, based on age and
utility, allowing a single vial of UCA to be not
solely for a single use, decreasing the cost per
examination.

Furthermore, the expense of MR imaging in
pediatrics can be variable depending on the
degree of sedation/anesthesia required. In addi-
tion to drug costs and supportive care staff, costs
associated with trained anesthetic personnel will
escalate the cost of MR imaging in many cases
beyond the quoted ($180). Costs associated with
CT ($94) are less than that of MR imaging but
still represent an increased cost compared to
CEUS, and sedation/anesthesia may still be
required particularly for younger children [6]. In
cases of trauma, serial CT imaging would be
needed for a variable length of time. In a number
of cases, such as testicular CEUS, there will sim-
ply be no other means of effective imaging.
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21.4 Conclusion

There is no doubt in the utility of CEUS, and deep
seated within any consideration of cost-
effectiveness, is the principle that CEUS is equiv-
alent to CT or MR imaging for diagnostic
purposes. This has been generally accepted for
pediatric focal liver lesion characterization.
Further uses are less well studied, but the dynamic
nature of CEUS and the degree of spatial resolu-
tion have led to increasing enthusiasm for its use
as a “problem-solving” tool [7, 9, 10, 20]. The
benefits CEUS confers; absence of radiation, a
safe contrast agent and bedside imaging, make it
ideal for use in pediatrics. The advent of such an
imaging modality may lead to more widespread
uptake in cases where imaging would not be nor-
mally performed, e.g., low-velocity trauma. In
addition, the changing attributes of the pediatric
population lead to changing disease prevalence,
particularly fatty liver disease which in turn lead-
ing to increased recognition of pseudo-lesions
and hepatocellular lesions. In combination, CEUS
in pediatric use is likely to become a part of rou-
tine imaging pathways and must represent a cost-
effective modality for successful integration.
Consensus from studies seems to suggest CEUS
offers an overall reduction in the cost for tradi-
tional imaging pathways in both the adult and
pediatric population, particularly for hepatic use.
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Recent Advances in Neonatal CEUS

Misun Hwang

22.1 Introduction

Due to the enhanced diagnostic sensitivity, porta-
bility, and safety, contrast-enhanced ultrasound
(CEUS) has emerged as a promising modality for
pediatric patients. Increasing numbers of CEUS
examinations are being performed for emerging
indications, previously unexplored, and are ben-
efiting clinical care. This chapter reviews recent
advances in neonatal CEUS applications beyond
the commonly used indications and present new
clinical directions.

22.2 Neonatal Imaging

Neonates represent a specific group in the pediat-
ric population with disease processes that are dis-
tinct and unique. Their vulnerability to prenatal
and perinatal insults in the background of imma-
ture physiology produces a constellation of neo-
natal diseases including hypoxic ischemic injury,
necrotizing enterocolitis, and hip dysplasia. For
this population, moreover, the optimal imaging
choice is not always magnetic resonance (MR)
imaging for several reasons. Firstly, patient trans-
port and sedation pose a higher risk to neonates
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than in older children. Secondly, the resolution of
MR imaging is suboptimal for the evaluation of
any small abnormality. Thirdly, gadolinium con-
trast as an addition to conventional MR imaging
for functional characterization of tissues has an
additional risk. In this regard, CEUS has emerged
as a valuable alternative to MR imaging examina-
tion; a CEUS examination is portable, obviating
the need for patient transport. The CEUS exami-
nation is independent of patient movement with a
contrast agent that allows for repeated examina-
tions without compromise to safety, using a
modality, ultrasound (US), which has high reso-
lution. The need for any patient sedation or gen-
eral anesthetic is obviated, with time and cost
implications.

22.3 Clinical Applications
22.3.1 HypoxicIschemic Injury

More recently, CEUS has been used to diagnose
and characterize neonatal hypoxic ischemic
injury [1-3] (Fig. 22.1). There are three major
patterns of hypoxic ischemic injury: watershed
(or cortical), central, and mixed. The watershed
hypoxic ischemic injury is the most common pat-
tern of injury and can be subtle on grayscale
US. The central pattern hypoxic ischemic injury,
which involves the central gray nuclei, is less
common but signifies poor prognosis, and can be
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Fig. 22.1 Brain CEUS: hypoxic ischemic injury.
Multifocal and symmetrical diffuse perfusion abnormali-
ties are shown on contrast-enhanced ultrasound (CEUS).
A coronal scan through the posterior parieto-occipital
lobes (a) in a 4-day-old boy with hypoxic ischemic injury
was obtained at 27 s after ultrasound contrast agent
(UCA) injection at peak intensity. Generalized hypoper-
fusion with multifocal perfusion abnormalities is noted
as evidenced by the paucity of UCA in scattered areas
(arrows). In a 14-day-old boy and a 5-month-old boy
with symmetrical diffuse hypoxic ischemic injury (b, ¢),
both obtained at 18 s after UCA injection, resulting gen-

ya
Y

eralized hyperperfusion to the brain, as seen in the imme-
diate post-injury period. An image (d) in a 6-month-old
boy post prolonged cardiac arrest demonstrates diffuse
hypoperfusion to the brain. Images obtained with an
EPIQ scanner, Philips Healthcare, Bothell, WA: (a) was
obtained with C5-1 transducer and settings of 12 MHz,
mechanical index (MI) 0.06; (b) with C9-2 transducer
and settings of 13 MHz, MI 0.06; (¢) with C9-2 trans-
ducer and settings of 7 MHz, MI 0.06, and (d) with C9-2
transducer and settings of 12 MHz, MI 0.06 (Reproduced
with permission from Pediatric Radiology 2019
Feb;49(2):254-262)

manifested as altered echogenicity of the thala-
mus and/or basal ganglia, which can be diagnos-
tically challenging depending on the severity and
extent of injury. Similar to the watershed type
injury, mixed pattern injury which involves both
the cortex and central gray nuclei can be difficult
to subjectively discern on grayscale US. In such
settings, perfusion abnormalities highlighted by
CEUS can be helpful to improve the diagnostic
sensitivity for hypoxic ischemic injury. In the
hyperacute phase of hypoxic ischemic injury, a
perfusion defect is expected in the affected brain
regions. In the acute to subacute phases of
hypoxic ischemic injury, hyperperfusion is typi-
cally seen in the affected brain regions due to the
reperfusion response. In the chronic phase, perfu-
sion can be decreased, normalized, or increased
depending on the presence or absence of perma-
nent brain damage. Future research will reveal
additional insights into the extent to which CEUS
can enhance the diagnostic sensitivity and prog-
nostic value of US.

With the scanning protocol for brain CEUS
specifically to screen for hypoxic ischemic injury
[2], open fontanelles, as present in neonates,
serve as acoustic windows. The anterior fonta-
nelle is initially used to acquire a cine clip of
washin and early washout of the ultrasound con-
trast agent (UCA) in the coronal plane of the
basal ganglia (Fig. 22.2). The acquisition of the
initial cine clip in the plane of the basal ganglia
ensures that the central pattern hypoxic ischemic
injury can be detected. After the initial cine clip,
coronal and optimal sagittal sweeps through the
brain are performed to screen for perfusion

abnormalities. Note that these sweeps are done
immediately after the confirmation of early wash-
out such that sufficient contrast signal is seen in
the remainder of the brain. In some cases, dedi-
cated posterior fontanelle or transmastoid views
may be used to delineate germinal matrix/peri-
ventricular white matter or cerebellar abnormali-
ties, respectively. In the setting of acute to
subacute hypoxic ischemic injury, both the cortex
and central gray nuclei demonstrate delayed
washout of contrast, and this can be either quali-
tatively or quantitatively evaluated. The delayed
washout parameter is similar to delayed mean
transit time in perfusion MR imaging.

Similar to other CEUS examinations, the
imaging parameters should be optimized for har-
monic imaging of the UCA. The mechanical
index (MI) is set low at <0.2 in order to enhance
the contrast signal while minimizing microbub-
ble destruction. The focal zone is placed low in
the field of view so that microbubble destruction
is minimized in the brain. Either the dual display
(CEUS image adjacent to Grayscale US image),
single display (CEUS image only), or CEUS
overlay onto Grayscale US image may be adopted
for scanning approach. The dual display or CEUS
overlay ensures real-time localization between
perfusion and anatomic region, whereas single
display slightly increases the frame rate and
highlights the microbubble signal in the absence
of background grayscale US image. The injection
method is similar to other CEUS examinations,
and the injection dose may be as per standard
dosing for liver evaluation. It should be noted
however that scanners with higher sensitivity to
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UCA signal may enable decreased contrast dose
especially in small neonates. As the dose is often
<0.1-2 mL in neonates, it is useful to prepare a
smaller caliber syringe in order to avoid under- or
over-injection of the UCA. Care should be taken
in the neonatal brain when performing a CEUS
examination; avoid switching from CEUS setting
(MI of <0.2) to grayscale setting (MI approxi-
mately 1.0) prior to complete contrast washout.
This is due to the possibility of causing unwanted
microbubble destruction in the presence of imma-
ture vasculature in select brain regions such as
the germinal matrix. Hence, complete washout of
the UCA prior to resuming grayscale or color
Doppler US evaluation is recommended.

22.3.2 Brain Death

The extreme case of hypoxic ischemic injury is
brain death. While brain death is a clinical diag-
nosis based on the apnea test, an infant’s inability
to tolerate test necessitates clinicians to rely on
ancillary imaging tests. In the 2011 revised pedi-
atric brain death guidelines, the two most com-
monly used ancillary studies for validation of
circulatory arrest (CCA) were a radionuclide
examination and four-vessel cerebral angiogra-
phy [4]. Note that both studies require transporta-
tion out of the intensive care unit, which can be
challenging during the critical period. Not all
hospitals are equipped with to perform such stud-
ies outside the working day. Compared to these
studies, brain CEUS can be performed at the bed-
side and promptly at the time of suspicion of
CCA. Furthermore, the examination is cost-
effective and can readily be adopted into existing
clinical practice.

While further work is needed to introduce
CEUS as an alternative tool to a radionuclide
examination or cerebral angiography in validat-
ing brain death, there is evidence that it may help
confirm the absence of brain perfusion and there-
fore the diagnosis of brain death. In a case report
of an infant with cardiac arrest, brain CEUS was
performed to assess for brain perfusion [5]. In
this infant, perfusion was nearly absent in the
whole brain except for few parasagittal vessels,

and the typical prompt washin and washout of the
UCA (lasting less than 10 min total) were not
observed (Fig. 22.3). Instead, UCA washin was
significantly delayed and washout did not occur
up to 30 min at which point the examination was
terminated. Likely, the near absent brain perfu-
sion state was accompanied by increased intra-
cranial pressure due to the severe hypoxic
ischemic injury, which altered both the washin
and washout perfusion kinetics parameters.
Future studies comparing brain CEUS with the
reference standard nuclear examination for the
diagnosis of brain death will be necessary to
advance this novel application.

22.3.3 Intracranial Lesions

In the presence of an acoustic window, such as
the fontanelle or open cranial window during
surgery or craniotomy, CEUS can be valuable
for detailed evaluation of benign and malignant
intracranial lesions. Contrast-enhanced ultra-
sound offers dynamic perfusion kinetics of
intracranial lesions with excellent spatial and
temporal resolution and enhances the conspicu-
ity of lesional borders [6]. In the case of a tumor,
CEUS can be valuable for distinguishing benign
from malignant tumors, discerning the tumor—
parenchymal border, differentiating edema from
tumor, grading tumor, guiding biopsy, and fol-
lowing treatment response [7-18] (Fig. 22.4).
There is preliminary evidence that CEUS may
aid with tumor grading although its accuracy
needs to be further validated. In the case of vas-
cular malformation, the extent of shunting and
blood volume within the lesion can be qualita-
tively and quantitatively evaluated with
CEUS. In infants or in the case of cranial win-
dow, CEUS permits quantitative assessment of
residual flow post endovascular intervention of
vascular malformation without the need for con-
trast-enhanced computed tomography (CT),
MR imaging, or angiography. In the case of
multiple lesions such as with abscesses or vas-
cular malformations not readily apparent with
conventional grayscale US, CEUS can enhance
the conspicuity of these lesions.
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Fig. 22.3 Brain CEUS: near brain death. A midcoronal
CEUS image (a) shows avid enhancement of the cervical
extracranial vessels (arrows). For comparison, (b) is a
coronal slice from a 2-month-old male admitted for respi-
ratory distress but without intracranial injury showing
normal enhancement of brain. Within 7 min of administra-
tion, the UCA had a near-complete washout in the com-
parison case; however, washout from few intracranial

22.3.4 Bowel Disease of Prematurity

Bowel disease of prematurity encompasses a
wide variety of bowel pathology affecting pre-
term infants, including necrotizing enterocolitis,
prenatal volvulus, or atresia. Etiologies could be
due to prenatal or perinatal insult leading to com-
promise of the blood supply to the bowel. While
conventional grayscale and color Doppler US
have enhanced the diagnostic sensitivity of bowel
disease of prematurity as compared to a
radiograph alone, there are limitations. There is
an inability to quantitate bowel perfusion with
color Doppler US in the presence of an oscillator
or other external vibrator, which is common in
the intensive care unit setting, due to motion deg-
radation. In such case, CEUS which is relatively
motion insensitive can be performed to better
characterize bowel perfusion.

Necrotizing enterocolitis affects up to one in
2000 births and occurs in approximately 10% of

vessels had not occurred 30 min after administration in the
post-cardiac arrest patient, signifying extremely poor
cerebral circulation. There was no further imaging possi-
ble following the death (declared dead as per clinical
assessment for brain death) of the child. (Reproduced
with permission from Neuroradiology Journal 2018
Dec;31(6):578-580)

preterm infants, although rare in term infants.
Etiology is thought to be due to intestinal inva-
sion of bacteria followed by local infection and
inflammation leading to bowel wall destruction,
perforation, overwhelming sepsis, and death.
Diagnosis is made using the Bell’s staging crite-
ria aided by radiographic findings, which can
vary in manifestation to fixed and/or dilated
bowel loops, pneumatosis, portal venous air, and/
or pneumoperitoneum. The diagnostic sensitivity
of the clinical and radiographic criteria combined
is low, and many cases of even advanced necro-
tizing enterocolitis can be missed. In this regard,
color Doppler US has been used to characterize
the evolution of necrotizing enterocolitis to
potentially augment the diagnostic sensitivity.
Prior studies have shown that in the evolution of
necrotizing enterocolitis, avid perfusion to the
bowel wall has been observed. The hyperperfu-
sion seen during the evolution of necrotizing
enterocolitis could be attributable to local inflam-



22 Recent Advances in Neonatal CEUS

Low MI B-Mode CEUS
©
€
2
(O]
[0)
©
o
(O]
E
¢
-

Low MI B-Mode CEUS
©
€
kel
(O]
O
17
©
a
©
C
<
©
€
S
0
<
Ke)
kel
(O]

Arterial

Baseline Phase

Fig. 22.4 CEUS for tumor characterization. Time frame
of how different grades of glioma are visualized with
CEUS. In the first column of each row, low mechanical
index US and baseline CEUS (CA arrival — 70) are dis-
played; then different CEUS phases (time is shown in the
top right corner of each image) are displayed only. The

mation leading to vasodilatation, reperfusion
response to ischemic insult, and/or alterations in
vaso-regulatory mechanisms.

With CEUS a case series has demonstrated
that in necrotizing enterocolitis bowel hyperper-
fusion, as previously demonstrated with color
Doppler US, follows a similar pattern [19]. The
hyperperfused bowel segment demonstrated
hypoperistalsis and dilatation, as compared to
other bowel loops in the abdomen. On surgical
pathology, both viable and ischemic bowel were
observed. The exact timing and extent of perfu-
sion changes in the affected bowel segment are
not known, but further studies to gather infor-
mation regarding CEUS behavior would greatly

Venous
Phase

Parenchymal
Phase

image clearly shows the differences in terms of timing,
degree of enhancement, and CEUS patterns for different
types of glioma, with a continuous and dynamic modality.
(Reproduced with permission from Biomedical Research
International 2014;2014:484261)

augment the diagnostic sensitivity of CEUS in
necrotizing enterocolitis (Fig. 22.5). A diagno-
sis of early disease can help institute therapies
preventing further cascade of infection/
inflammation.

In the same CEUS case series, a preterm infant
with total bowel ischemia due to prenatal volvu-
lus was illustrated (Fig. 22.6). Color Doppler US
evaluation in this case was equivocal due to the
presence of an oscillator. Grayscale US of the
bowel loops demonstrated decreased peristalsis
but without evidence of pneumatosis or signifi-
cant thickening. With a UCA injection, complete
lack of enhancement of the bowel walls through-
out the abdomen was demonstrated, confirming
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Fig. 22.5 CEUS for necrotizing enterocolitis. A 39-day-
old formerly premature girl was born at 26 weeks with
abdominal distention and bloody stool. (a) Grayscale US
of the right lower quadrant shows a distended loop of
bowel with wall thickening that was hypoperistaltic in real
time. (b) Corresponding color Doppler US image shows

Fig. 22.6 CEUS for bowel ischemia of prematurity. A
1-day-old formerly premature girl was born at 29 weeks
with gaseous distention on abdominal radiography. (a)
Grayscale US in the left upper quadrant shows multiple
dilated loops of bowel with wall thickening and hypoperi-
stalsis to aperistalsis in real time. (b) Corresponding color
Doppler US image shows apparent flow in the mesentery
but no appreciable flow in the bowel. However, the inter-

hyperemia within the thickened bowel wall. (¢, d), Dual-
screen display with grayscale US (c) and corresponding
CEUS (d) reveals hyperemia of the bowel wall. On all
images, large volume ascites is present. (Permission to
reproduce from Journal of Ultrasound in Medicine 2019
Nov 9. https://doi.org/10.1002/jum.15168)

pretation was limited by pulsatile motion from the
patient’s high-frequency oscillator. (¢, d) Dual-screen
CEUS display shows loops of bowel (¢, arrowheads) in
the right upper quadrant that do not enhance (d, arrow-
heads) regardless of the high-frequency oscillator.
(Permission to reproduce from Journal of Ultrasound in
Medicine 2019 Nov 9. https://doi.org/10.1002/jum.15168)
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Fig. 22.6 (continued)

global bowel ischemia, confirmed at subsequent
surgery. Likewise, CEUS can be a useful trouble-
shooting tool for confirmation of bowel perfusion
in cases where prenatal ischemic insult is sus-
pected and color Doppler US is suboptimal.

22.3.5 Developmental Dysplasia
of the Hip

Development dysplasia of the hip (DDH) is the
most common developmental deformity of the
lower extremity in children. It affects 28.5 per
1000 infants [20, 21] and timely diagnosis and
correction are critical to preventing worsening
dysplasia and associated morbidity. While
approximately 80% of infants with frankly dislo-
cated hips can be successfully reduced with a
Pavlik harness or other bracing treatment, some
do not respond to nonsurgical treatment and need
to undergo closed or open reduction followed by
Spica cast immobilization in the operating room.
A major source of morbidity in patients requiring
surgical intervention is iatrogenic avascular
necrosis (AVN), which could result from exces-
sive hip abduction within the cast [22]. AVN can
disrupt normal epiphyseal growth and lead to
premature osteoarthritis, ultimately requiring
total hip arthroplasty [23, 24].

In order to confirm the preservation of femoral
head perfusion post reduction, postoperative
gadolinium-enhanced MR imaging can be per-
formed. It has been shown that decreased

enhancement of the femoral head on postopera-
tive MR imaging is strongly correlated with the
future development of AVN [25]. However, there
are challenges with relying on postoperative MR
imaging including the need to leave the operating
room and decreased sensitivity to microcircula-
tory flow, which is below the resolution of MR
imaging. The potential discovery of compro-
mised femoral head perfusion immediately post
reduction could lead to prompt surgical interven-
tion prior to departure from the operating room.
In this regard, CEUS may serve as an effective
alternative to contrast-enhanced MR imaging
that can be used in the operating room pre and
post hip reduction.

A prior article described preliminary experi-
ence with intraoperative hip CEUS in 17 chil-
dren with DDH [26]. A scoring system used to
quantify the number of vessels visualized in the
femoral head revealed a decrease in vessel num-
ber post reduction as qualitatively evaluated
using CEUS, while all CEUS showed preserved
blood flow in the femoral epiphysis before and
after reduction. All MR imaging studies were
similar to the CEUS examination and showed
femoral head enhancement post reduction. The
article not only demonstrates the feasibility of
safely performing intraoperative hip CEUS in
infants but also suggests the need for a larger
prospective study exploring the long-term
implications of the femoral head perfusion pat-
terns observed on intraoperative CEUS
(Fig. 22.7).
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Fig. 22.7 CEUS for hip dysplasia. Imaging landmarks
for epiphyseal blood flow assessment with CEUS in a
20-month-old boy before reduction: CEUS images of the
left hip in a coronal plane. (a) Landmarks used to assess
the vascular flow in the femoral epiphysis. (b) Circle
drawn over the epiphysis, bisected by a line parallel to the

22.4 Conclusion and Future
Directions

Due to the convenience of CEUS combined with
the improved diagnostic sensitivity it provides
over the conventional grayscale and color
Doppler US, the advantages of CEUS for the
neonatal population are clear. In the future, the
neonatal applications of CEUS will continue to
increase and improve the clinical care by obviat-
ing the need for transport, sedation, and costly
examinations. The ability of CEUS to discern
microvascular flow at much higher spatial
resolution than advanced imaging modalities
such as CT or MR imaging can also help charac-
terize the unique pathophysiology in neonates.
Likewise, the future applications of CEUS in
neonates seem promising.

epiphysis, traversing the ossific nucleus when visible.
Arrowhead indicates epiphysis; and arrows, epiphyseal

vessels. (Reproduced with permission Journal of
Ultrasound in Medicine 2019 Jul 23. https://doi.
org/10.1002/jum.15097)
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