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Abstract

Ultrasound contrast agent (UCA) use in radiology is expanding beyond traditional applications such as evaluation of liver lesions,
vesicoureteral reflux and echocardiography. Among emerging techniques, 3-D and 4-D contrast-enhanced ultrasound (CEUS)
imaging have demonstrated potential in enhancing the accuracy of voiding urosonography and are ready for wider clinical
adoption. US contrast-based lymphatic imaging has been implemented for guiding needle placement in MR lymphangiography
in children. In adults, intraoperative CEUS imaging has improved diagnosis and assisted surgical management in tumor resec-
tion, and its translation to pediatric brain tumor surgery is imminent. Because of growing interest in precision medicine, targeted
US molecular imaging is a topic of active preclinical research and early stage clinical translation. Finally, an exciting new
development in the application of UCA is in the field of localized drug delivery and release, with a particular emphasis on
treating aggressive brain tumors. Under the appropriate acoustic settings, UCA can reversibly open the blood-brain barrier,
allowing drug delivery into the brain. The aim of this article is to review the emerging CEUS applications and provide evidence
regarding the feasibility of these applications for clinical implementation.
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Introduction

Contrast-enhanced ultrasound (CEUS) has been increasingly
utilized in children for a wide variety of indications, including
tumor characterization, trauma evaluation and hypoxic—
ischemic brain injury [1-7]. Offering an excellent safety pro-
file, a lack of ionizing radiation, and bedside access, CEUS is
an appealing imaging modality, particularly in our sickest and
most vulnerable pediatric patients. The clinical use of CEUS
in children is gaining momentum and expanding as emerging
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and evolving techniques and therapeutic applications provide
exciting improvements to diagnosis and treatment. Here we
introduce some of these emerging applications that are driving
the field of CEUS in innovative directions. Specifically, we
explore applications such as three- and four-dimensional (3-
D/4-D) CEUS imaging, visualization of the lymphatics using
CEUS, and intraoperative applications of CEUS. In addition,
we briefly present the evolution of CEUS as a therapeutic
modality via molecular imaging and drug delivery.

These new applications are opening the window to ad-
vanced capabilities that were previously not possible using
CEUS. For example, 3-D/4-D CEUS provides the advan-
tage of visualizing perfusion within an entire volume of
tissue, organ or lesion rather than the perfusion within just
a single two-dimensional (2-D) slice, thereby providing the
full picture. The added capability of 3-D CEUS means that
the vascular information within these volumes can be bet-
ter understood and the underlying complexities clearly
depicted [8—10]. Four-dimensional CEUS adds the dimen-
sion of real time to the 3-D acquisition of images. This
ability to visualize in real time the 3-D movement of
UCA microbubbles within a region of interest is a signifi-
cant advancement in US imaging.
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Lymphatic imaging with CEUS is a newer technique that is
being explored as an alternative approach to dynamic contrast
magnetic resonance (MR) lymphangiography [11-13]. In this
application, CEUS provides the advantage of being able to
image in real time at the patient bedside, a capability especial-
ly beneficial in the pediatric population where it is sometimes
challenging for younger patients to undergo dynamic contrast
MR lymphangiography.

Intraoperative CEUS involves the use of UCA during an
operative procedure to guide, confirm, or obtain real-time di-
agnostic information during the course of the operation
[14-16]. Again, the major advantage of intraoperative CEUS
is its portability, which allows both easy performance of the
study at the child’s bedside and flexible maneuvering of the
US transducer to the procedural access points, providing real-
time images during the procedure.

Therapeutic applications of CEUS are rapidly evolving and
include the ability to perform targeted/molecular imaging and
targeted drug delivery [17-20]. These applications have ex-
panded the capacity of CEUS from a purely diagnostic mo-
dality to one with both diagnostic and therapeutic applica-
tions. This article reviews these emerging applications and
provides supporting evidence regarding the feasibility and ef-
fectiveness of these applications for clinical implementation.

Emerging/evolving techniques

Three-dimensional (3-D)/four-dimensional (4-D) ul-
trasound applications

Three-dimensional US is a longstanding, valuable technology
that enables the volumetric visualization of a region of interest
instead of the single 2-D US image slice. Four-dimensional
US adds the temporal component to 3-D US by capturing a
series of 3-D volumes in real time. While 3-D and 4-D US
have been used to monitor fetal development for decades, the
addition of 3-D/4-D technology to CEUS has made it possible
to evaluate the movement of UCA microbubbles within a
tissue in multiple dimensions simultaneously. This is a signif-
icant factor for studying complex vascular features that cannot
be fully appreciated using a single 2-D image slice.
Furthermore, 4-D CEUS demonstrates 3-D perfusion behav-
ior in real time. This added functionality provides a more
comprehensive picture of the mechanisms under investigation
and could aid in making a more informed diagnostic decision.

The current primary application of 3-D/4-D CEUS in chil-
dren is an effort to augment the diagnostic accuracy of 2-D
contrast-enhanced voiding urosonography (VUS). Recent
studies showed that the sensitivity of 3-D/4-D contrast-
enhanced VUS in vesicoureteral reflux (VUR) detection is
comparable to standard 2-D contrast-enhanced VUS [21].
Some studies suggest that 2-D and 3-D/4-D contrast-

enhanced VUS detect more reflux than does fluoroscopic
voiding cystourethrography (VCUG), but 3-D/4-D techniques
might provide additional information and improve the grading
accuracy of VUR compared to 2-D contrast-enhanced VUS
alone, which can have important clinical implications
[21-23]. Specifically, 3-D/4-D contrast-enhanced VUS with
advanced post-processing options (e.g., rendering, sharpen-
ing, contrasting, zooming, rotating the image) as well as arti-
fact removal, can improve depiction of the pelvicalyceal sys-
tem and ureter by showing visible borders distinct from the
surrounding structures, thus offering more detailed morpho-
logical visualization of the reflux (Fig. 1) [21, 22]. Such a
precise visualization of the collecting system might be of val-
ue in children with abnormal renal rotation or position.
Another considerable advantage of the 3-D/4-D technique is
the capability to document reflux in a manner analogous to
fluoroscopic VCUG, e.g., in the anatomical directions of the
kidneys. This approach seems to be more comprehensive
when interacting with the referring physicians [21-23].
Recently, the 3-D/4-D technique has also been applied during
the micturition part of the contrast-enhanced VUS examina-
tion for improving visualization of urethral abnormalities in
both female and male patients [22].

Among the possible limitations of 3-D/4-D contrast-enhanced
VUS to be considered are the need to use specific US transduc-
ers, limited access to US scanners offering high-quality 3-D/4-D
contrast imaging software, additional time necessary for post-
processing, and the relatively steep learning curve for perfor-
mance of the examination and subsequent post-processing tech-
niques. Furthermore, because 2-D and 3-D/4-D contrast-
enhanced VUS examinations cannot be performed simultaneous-
ly, 3-D/4-D contrast-enhanced VUS can only complement 2-D
contrast-enhanced VUS and not replace it for diagnostic pur-
poses; therefore additional examination time is needed to per-
form both modalities. Finally, it is possible that some of the
observed differences between 2-D and the subsequently per-
formed 3-D/4-D contrast-enhanced VUS might in part be ex-
plained by the inherently dynamic nature of the reflux phenom-
enon, whose degree can change over the course of the examina-
tion [21]. Three-dimensional contrast-enhanced VUS has specif-
ic limitations: static character and higher susceptibility to arti-
facts. The 4-D contrast-enhanced VUS as a real-time dynamic
modality visualizes the pelvicalyceal system better and for a
longer time compared to 3-D contrast-enhanced VUS, and thus
can be used as the sole volumetric technique, though preceded by
2-D contrast-enhanced VUS (Supplementary Online Material 1)
[21]. Furthermore, 4-D contrast-enhanced VUS acquires images
faster than 3-D, making it particularly advantageous in pediatrics,
wherein a lack of cooperation by children often creates difficul-
ties in good-quality acquisitions. However, the main limitation of
4-D contrast-enhanced VUS is the intrinsic loss of resolution/
voxel size, although this loss does not seem to influence the
reliability of VUR diagnosis and grading [21-23].
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Fig. 1 Three- and four-
dimensional contrast-enhanced
voiding urosonography (VUS). a
Sagittal contrast-enhanced VUS
in a 7-month-old boy with dual
display of two-dimensional (2-D)
images of the right kidney in
gray-scale (leff) and contrast
(right) modes demonstrates US
contrast agent filling the right
renal collecting system (arrow).
b, ¢ Three-dimensional (3-D)-
rendered contrast-enhanced VUS
images of the right kidney in
anterior projection (b) and
posterior projection (c)
demonstrate contrast
opacification of the right renal
collecting system including the
pelvis (arrows), calyces
(asterisks) and ureter
(arrowheads) to better advantage
than 2-D contrast-enhanced VUS
static images; the latter images
also demonstrate multiple angles,
with improved visualization of
the calyceal dilation, possibly
allowing for more accurate
grading of the vesicoureteral
reflux

Three-dimensional/four-dimensional CEUS could improve
the evaluation of focal liver lesions such as focal nodular
hyperplasia, hemangiomas, hepatocellular carcinomas and
metastases. In adults, tumor vascularity, feeding vessels and
enhancement patterns can be visualized with better accuracy
with 3-D/4-D CEUS compared to 2-D imaging [8, 9]. Three-
dimensional/four-dimensional CEUS has been utilized to
guide interventional procedures for tumor local treatment
and assessment of treatment response [10, 24, 25]. However,
studies describing similar applications for pediatric patients
have not been performed.

Contrast-enhanced ultrasound of the lymphatics

Percutaneous interventions for the treatment of lymphatic
flow disorders, such as plastic bronchitis and protein-losing
enteropathy, have prompted a need for imaging modalities to
ensure accurate diagnosis and appropriate follow-up [26, 27].
Dynamic contrast-enhanced MR lymphangiography has be-
come the most common imaging modality for diagnosing
these disorders, but CEUS offers an alternative approach for
real-time imaging that might aid in interventions and can be
performed at the bedside [28, 29].

@ Springer

Lymphatic imaging with CEUS in children is limited, but it
has been studied in adults. Most commonly, UCAs have been
administered intradermally to identify sentinel lymph nodes.
This technique was originally described in swine but has been
successfully used for the identification of sentinel lymph
nodes in women with breast cancer [13, 30-33]. The efferent
lymphatics in adults have also been directly imaged by UCA
injection of inguinal lymph nodes into the groin to confirm
needle placement prior to dynamic contrast-enhanced MR
lymphangiography [12].

To our knowledge, similar studies using CEUS to perform
lymphatic imaging in children have not been published, but
similar to the adult application, we have been successfully
using CEUS to confirm needle placement prior to dynamic
contrast-enhanced MR lymphangiography. When imaging
the central lymphatic system with MR lymphangiography, it
is necessary to inject a gadolinium-based contrast agent into
the inguinal nodes via a needle while dynamically performing
MR imaging. Usually verification of needle position and
opacification of the efferent lymphatics is performed under
fluoroscopy during the injection of water-soluble contrast
agent [29]. Using CEUS to confirm needle placement obviates
the need for a fluoroscopy suite, allowing needle placement to
be performed at the bedside. This is expected to facilitate
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increased access to this technique and could improve proce-
dure times.

When treating lymphatic flow disorders, the presence or
absence of thoracic duct patency is important. For instance,
if the thoracic duct is obstructed, the patient might be a can-
didate for lympho-venous anastomosis [34]. Given that dy-
namic contrast-enhanced MR lymphangiography cannot de-
finitively determine patency because of the dilution of lym-
phatic gadolinium-based contrast agent as it enters the venous
system, thoracic duct patency is most often confirmed with a
lymphangiogram under fluoroscopy. Our group has used
CEUS to determine patency of the thoracic duct outlet follow-
ing direct lymph node injection in children by visualizing
lymphatic contrast agent entering the venous system at the left
or right venous angle (Figs. 2 and 3) [11]. Using this tech-
nique, thoracic duct patency can be assessed at the bedside
and without the use of ionizing radiation.

Intraoperative contrast-enhanced ultrasound

Intraoperative CEUS is an emerging application that has been
used for various organs and pathologies to improve diagnosis
and surgical management. In the case of liver lesions, intraop-
erative CEUS has improved visualization and characterization
at the time of resection [35, 36]. Intraoperative visualization of
new lesions not detected on pre-surgical planning can alter the
surgical approach in real time by identifying new target le-
sions for resection [15]. Furthermore, studies have reported a
strong correlation between CEUS enhancement parameters
and the histological grade of resected hepatocellular carcino-
ma, providing further evidence of its utility in lesion charac-
terization [37].

Similarly, CEUS has been applied to improve visualization
and characterization of brain tumors [38—41]. In the operating
room, CEUS has been used to assist neurosurgeons in

Fig. 2 Contrast-enhanced ultrasound (CEUS) for determining thoracic
duct patency in a 6-month-old boy who presented with bilateral
chylothorax. Transverse CEUS of the right-side neck, with dual display
of contrast (leff) and gray-scale (right) images, reveals passage of contrast

determining the border between viable intracranial tumor
and normal adjacent brain parenchyma [16, 39]. In addition,
CEUS enhancement patterns such as perfusion kinetics have
been correlated to different histological grades of cerebral gli-
omas [42]. While histological analysis remains the gold stan-
dard, CEUS can be helpful in guiding the region for biopsy,
potentially improving the accuracy of the final histological
diagnosis. CEUS-based real-time visualization of the feeding
arteries and venous drainages in higher-grade tumors could
also change intraoperative management by identifying vascu-
lar structures at high risk for bleeding complications or the
need for more aggressive tumor margins.

Other exploratory uses of intraoperative CEUS include as-
sessment of femoral head perfusion in developmental dysplasia
of the hip and perfusion of free-flap transplanted tissues in the
operating room to assess viability [14, 43]. The use of CEUS to
confirm the viability of surgically reduced or implanted organs
and tissues prior to leaving the operating room can prevent repeat
surgeries from complications such as avascular necrosis of the
femoral head or implanted tissues. Finally, intraoperative
contrast-enhanced VUS has also been used to evaluate the treat-
ment of reflux in children to maximize the effectiveness of en-
doscopic bulking agents, e.g., Deflux injection therapy. Real-
time intraoperative assessment of residual reflux following
Deflux injection allows for repeated injections to improve the
success of the endoscopic treatment [44].

Therapeutic applications

Emerging and evolving therapeutic applications include drug
delivery and assessment of treatment response. Prior review ar-
ticles have extensively covered their status [18, 19, 45—47]. Here
we briefly discuss molecular imaging and drug delivery
applications.

agent (arrowhead) into the right internal jugular vein (arrows),
confirming thoracic duct patency. If the thoracic duct had been
obstructed, no contrast agent would be seen in this portion of the
venous system
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Fig. 3 Contrast-enhanced
ultrasound (CEUS) for
determining thoracic duct patency
in a 2-month-old boy with
chylothorax. Transverse contrast-
enhanced ultrasound (CEUS) of
the left-side neck, with dual
display of the contrast (/eff) and
gray-scale (right), reveals
intranodal lymphatic US contrast
agent opacifying the left internal
jugular vein (arrows), consistent
with a patent thoracic duct

Molecular imaging

Ultrasound contrast agent can be used to target molecular
markers of pathological processes, e.g., vascular endothelial
growth factor receptor 2 (VEGFR2) in tumor angiogenesis.
The contrast agent’s shell can be conjugated to small mole-
cules (e.g., peptides) and antibodies, allowing the targeting
and imaging of specific cell surface receptors [47-49]. This
technique has been investigated for evaluating cardiovascular
disease and tumor imaging (Fig. 4) [50-55]. In preclinical
studies, targeted microbubbles have been used to image spe-
cific tumors and their response to anti-angiogenic therapy [17,
19, 20, 46, 56]. In pediatrics, anti-angiogenic treatment mon-
itoring of neuroblastomas could be a promising application for
US contrast imaging [57, 58].

Drug delivery

The therapeutic index of drugs can be increased by localized
delivery at the disease location. Microbubble-based drug delivery
systems rely on acoustic manipulation of the agent for local
release. Conventionally, a low mechanical index (MI<0.3) is
used for diagnostic CEUS because it causes stable microbubble

Fig. 4 Molecular imaging. a, b
Representative contrast-enhanced
US images depict vascular
endothelial growth factor receptor
(VEGFR?2) targeted microbubble
imaging of a control mouse
hindlimb (a). Compare (a) to an
MC38 colon carcinoma tumor
implanted in a mouse hindlimb
(b), which demonstrates marked
enhancement of the hindlimb
tumor. Images courtesy of
Alexander Klibanov from the
University of Virginia
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oscillation that allows continuous imaging. In therapeutic appli-
cations, a high mechanical index (MI>0.8) is typically used to
destroy the microbubbles and release the drug payload for local
delivery. The high US pressures induce localized microbubble
inertial cavitation and fluid microjetting that can lead to reversible
cellular sonoporation (i.e. the formation of nanopores in the
membrane) as well as cellular tight junction disruption, facilitat-
ing drug delivery to the extravascular space. Microbubble-based
drug delivery and release is generally implemented in one of the
following ways: (1) co-injection of the UCA and free drug, ac-
companied by site-specific insonation, or (2) loading or conju-
gating the drug to the microbubble shell and scanning at the
desired location. Microbubble accumulation at the site can be
enhanced by attaching targeting ligands to surface of the
microbubble. This allows receptor binding and therefore targeted
imaging and drug delivery.

Many studies have demonstrated the potential applications of
drug delivery. While most have been conducted in pre-clinical
animal models or in vitro, phase I trials have been performed in
adults with inoperable pancreatic cancer using the chemothera-
peutic drug gemcitabine [17, 19, 49, 59]. In addition to altering
the composition of the lipid shell of the microbubbles, an active
body of research has focused on understanding the influence of
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acoustic parameters on permeability and intracellular delivery of
therapies [45, 48]. Further investigation of the acoustic cavitation
processes is required to fully understand the potential of these
microbubble-based agents for drug delivery applications. While
the higher mechanical indices often utilized in these processes are
unlikely to exceed levels observed with B-mode and color
Doppler imaging, cavitation-related bioeffects to normal tissues
have been observed that must be considered when developing an
appropriate safety profile for these innovative techniques [60].
Using microbubbles to achieve drug delivery could play an im-
portant role in the treatment of pediatric brain tumors, wherein
safe and selective opening of the blood-brain barrier is desirable
for maximizing the therapeutic effect.

Conclusion

Contrast-enhanced US offers many benefits in pediatric pa-
tients, with potential applications including 3-D/4-D technolo-
gies, lymphatic imaging, intraoperative tumor characterization,
tissue viability assessment, treatment efficacy improvement in
VUR, molecular imaging and targeted drug delivery. Although
many of these applications are early in development, most of
the literature is on in vitro studies and initial investigations are
in adults, future translation and use of these innovative technol-
ogies in children appears to be on the horizon.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00247-021-05045-4.
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