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Abstract

Brain contrast-enhanced ultrasound (CEUS) is an emerging application that can complement
gray-scale US and yield additional insights into cerebral flow dynamics. CEUS uses intravenous
injection of ultrasound contrast agents (UCAS) to highlight tissue perfUsion and thus more
clearly delineate cerebral pathologies including stroke, hypoxic—ischemic injury and focal lesions
such as tumors and vascular malformations. It can be applied not only in infants with open
fontanelles but also in older children and adults via a transtemporal window or surgically

created acoustic window. Advancements in CEUS technology and post-processing methods for
quantitative analysis of UCA kinetics further elucidate cerebral microcirculation. In this review
article we discuss the CEUS examination protocol for brain imaging in children, current clinical
applications and future directions for research and clinical uses of brain CEUS.

Keywords

Brain; Children; Contrast-enhanced ultrasound; Epilepsy; Hypoxic—ischemic injury;
Neurovascular disease; Stroke; Tumor; Ultrasound; Ultrasound contrast agents

Misun Hwang, hwangm@email.chop.edu.
Conflicts of interest None



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hwang et al.

Page 2

Introduction

Brain contrast-enhanced ultrasound (CEUS) is an emerging application with much potential.
The intravenous (IV) administration of ultrasound contrast agents (UCAS) composed of tiny
microbubbles permits qualitative and quantitative evaluation of cerebral perfusion, which is

altered in a variety of intracranial pathologies [1, 2].

Although Doppler US is the first-line tool to image cerebral flow dynamics in infants,

it has certain inherent limitations. Doppler US measures macrovascular flow and is less
sensitive to slow-flow conditions prevalent in microvasculature. It is also more prone to
motion-related artifacts. CEUS can solve this problem by assessing cerebral tissue perfusion
at the microvascular level, thus increasing the conspicuity of pathologies affecting cerebral
macro- and microcirculation [3].

Contrast-enhanced US allows visualization of dynamic perfusion in the whole brain at
bedside, which can be a useful adjunct not only to color Doppler, but to MRI as well.

When CEUS is combined with quantitative analysis, evaluation of cerebral microvasculature
at superb resolution is feasible, enabling new insights into various neurologic diseases and
improving diagnostic accuracy and prognostication. Already brain CEUS has shown much
promise in applications to a variety of clinical indications in children and adults such as
stroke, hypoxic-ischemic injury and brain tumors [2, 4, 5]. Further clinical experience as
well as preclinical and clinical research is expected to facilitate the regulatory approval of
brain CEUS and widen its applications.

This article reviews the current knowledge of brain CEUS, focusing on examination
protocol, basic quantification methods and clinical applications. We emphasize applications
of CEUS in the pediatric population in order to examine how it can be used to improve care
for these children.

Examination technique

Pre-contrast scan

Prior to CEUS, a standard gray-scale brain US is typically performed to screen for
intracranial pathology or evaluate the region of concern (e.g., tumor, vascular malformation).
This initial identification and localization of focal intracranial abnormality can help tailor
the subsequent brain CEUS protocol such that dedicated static and cine clips of the area of
interest are acquired. In the setting when focal abnormality is not evident on gray-scale US
images, the brain CEUS protocol is modified to incorporate cine clips through the whole
brain to screen for potential abnormality.

Ultrasound contrast agent dosing

Lumason (Bracco Diagnostics Inc., Monroe Township, NJ) is the only commercially
available UCA approved for pediatric use by the United States Food and Drug
Administration (FDA) in the evaluation of focal liver lesions and echocardiography
following intravenous (1V) administration. In the clinical and research settings for pediatric
brain imaging, however, Lumason and all other commercially available UCAs, including
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Definity (Lantheus Medical Imaging, North Billerica, MA) and Optison (GE Healthcare,
Princeton, NJ), have been used off-label [4, 6-10]. For brain CEUS applications, a wide
range of dosing schemes has been used, including bolus injections ranging up to 6.25 mL
and infusion-based administrations at rates up to 0.80 mL/s [2]. While fewer studies are
available on the application of brain CEUS in infants, the same dosing recommended for

IV liver imaging and echocardiography, a bolus injection of Lumason at 0.03 mL/kg, has
been safely used for diagnostic evaluation of brain injury [4]. As with abdominal indications,
dosage might need to be adjusted depending on the exam goals and the child’s weight [11].
If the exam goal is to characterize microvascular flow dynamics using advanced particle
tracking methods, in which individual intravascular microbubbles are tracked across multiple
US frames to generate a vascular map of microcirculatory flow, injection dosage is smaller
than that used for diagnostic evaluation [12, 13]. In addition, as compared to an older

child or adult, an infant would require a smaller dose for characterizing brain perfusion
abnormality because of the infant’s smaller brain volume and thus smaller intravascular
volume for opacification [4, 8]. Bolus injection can be performed up to twice, with the
second injection dedicated to confirming the findings of the first injection, validating
reproducibility or performing additional screening of perfusion abnormalities in regions not
explored or carefully evaluated during the first injection.

Ultrasound contrast agent administration

Most brain CEUS studies on children and adults to date have used a bolus-based UCA
injection technique, with a smaller number of studies having utilized the infusion-based
technique [2]. Currently, there are no standardized guidelines on the bolus- or infusion-based
techniques for the off-label application of CEUS to the brain. If the infusion administration
method is used, UCA can be injected using an infusion pump or gravity-based drip infusion
from a bag of UCA/saline solution. The infusion method can be helpful for intraoperative
brain CEUS and for application of advanced particle tracking analysis for super-resolution
microvascular imaging [12-15]. Unlike the infusion technique, the bolus technique allows
characterization of UCA washout, which is an important metric in cerebral pathologies
including hypoxic—ischemic injury [16]. With the bolus technique, it is important to stress
the need for adequate saline flush to advance the microbubbles beyond the IV tubing.

In the case of infants or smaller children, the smaller-gauge 1V lines necessitate slower
injection of UCA so as not to destroy microbubbles from shear stress. With both bolus and
infusion methods, technical variability can arise from differing rates of injection, length of
IV line, microbubbles’ concentration, injection set-up, and the type of syringes used for
UCA administration [17-22]. Consequently, qualitative and quantitative interpretation can be
affected. Standardization of UCA administration can minimize such variability. However,

in the intensive care unit environment, it is often difficult to control all these factors.
Documentation of potential sources of technical variability in such a setting might be helpful
for data interpretation.
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Brain contrast-enhanced ultrasound examination

Transducers

In infants with open fontanelles and children and adults with closed fontanelles, brain
CEUS is performed with a sector or curved-array transducer with an approximate frequency
range of 2-8 MHz. Evaluation of extra-axial space, dural venous sinus and superficial brain
structures can be carried out using a linear-array transducer with an approximate frequency
range of 8-15 MHz.

Settings
Image settings are optimized before contrast injection. Low mechanical index (<0.3) during
CEUS ensures microbubble stability. The focal zone is set deep to the region of interest so as
not to prematurely destroy microbubbles in the imaged field of view. The depth is set on the
reference gray-scale US image for coverage of the entire brain in the field of view. Gain is
adjusted to ensure that background noise is minimal prior to contrast administration.
Fontanelles

In infants, open fontanelles serve as an acoustic window for brain exams. The anterior
fontanelle is most commonly used, from which static images and cine clips of the brain in
coronal and sagittal planes can be obtained. The posterior and mastoid fontanelles provide
additional acoustic windows through which further views can be acquired. Older children
do not have open fontanelles so an acoustic window is best achieved through the temporal
bone, the thinnest bone in the skull [11]. The qualitative and quantitative interpretation of
UCA intensity through the transtemporal approach is feasible, though the presence of bone
decreases UCA signal and resolution because of its high acoustic impedance mismatch

and associated US artifacts [2, 23]. In the future, technical optimization — either by
modifying the transducer design or placing external metamaterial over the skull — to reduce
the acoustic interference by bone might be helpful [24]. In addition to the transtemporal
window, a craniotomy can be used intraoperatively for brain CEUS imaging in children and
adults with closed fontanelles. In this case a sterile cover can be applied to allow imaging
through the craniotomy site [5, 14, 25, 26].

Brain contrast-enhanced ultrasound protocol for infants with open Fontanelle
—To screen for potential perfusion abnormality in the brain, the initial cine clip — in the
mid-coronal plane with the basal ganglia in view — is obtained until maximum contrast
enhancement is reached [1]. This is followed by an anterior-to-posterior sweep of the brain
to screen for perfusion abnormalities in the remainder of the brain parenchyma. A second
microbubble injection can be used to perform another sweep through the brain during peak
enhancement to validate the findings from the first injection or re-evaluate the brain. For
evaluation of a known region of abnormality, dedicated static and cine images of the region
of interest can be obtained.

Brain contrast-enhanced ultrasound protocol for children and adults with
closed Fontanelle—For screening of intracranial abnormality in children and adults
with closed fontanelles, an initial cine clip of approximately 15-20 s in length should be
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obtained, first via the transtemporal approach in the mid axial plane to confirm appropriate
wash-in of contrast agent. After confirmation of peak enhancement and early washout of
contrast agent, cine clips of the whole brain are obtained to screen for potential perfusion
abnormality. The probe can be tilted superiorly and inferiorly through the transtemporal
window to acquire axial scans through the whole brain. The acquisition of sweeps through
the brain immediately following confirmation of early washout ensures that injury-related
delay in washout is not occurring and that perfusion abnormalities are accentuated [1, 2].
The scanning approach can be modified depending on the clinical indication. For instance,
a brain CEUS exam meant to monitor a known tumor would be tailored to use static
images and cine clips to target the tumor and its surrounding parenchyma [14]. To screen
for additional lesions in the brain, sweeps through the brain can be obtained during peak
enhancement and washout phases.

Brain contrast-enhanced ultrasound protocol for intraoperative imaging

In intraoperative brain CEUS, after bone flap removal, a US probe of suitable size and
frequency is placed directly on the intact meninges for transdural imaging. A small
linear-array multi-frequency transducer with linear or trapezoidal views can be used for
additional views. For smaller surgical accesses or when exploring the surgical cavity, a small
micro-convex multi-frequency transducer might be necessary. Intraoperative CEUS imaging
settings are adapted for each case accordingly. In the future, MRI-CEUS fusion imaging
might be explored as a means to better localize and characterize the perfusion characteristics
of focal intracranial lesions in the intraoperative setting [27]. Brain CEUS complements
MRI by helping to localize lesions intraoperatively with its ability to depict tissue perfusion,
particularly when only limited MRI anatomical sequences are available.

Quantification methods

The conventional time-intensity curve analysis, which assesses changes in microbubble
intensity over time in a region of interest, permits quantification of tissue perfusion [28].
The basic perfusion kinetics parameters include time to peak (time it takes for microbubbles
to reach peak enhancement), wash-in slope (the rate at which microbubbles wash in),

peak intensity or enhancement (the highest microbubble intensity achieved), wash-in area
under the curve (the total volume of microbubbles from injection to peak enhancement),
washout area under the curve (the total volume of microbubbles from peak enhancement

to wash out), and washout slope (the rate at which microbubbles wash out) (Fig. 1). These
time-intensity-curve-based perfusion parameters are represented as a color-coded map such
that spatiotemporal variations in perfusion kinetics parameters are visually apparent [29-31].

In a normal brain, peak enhancement is typically obtained within 15-20 s of UCA injection
(time to peak), though there is some variability in this timing as a result of the injection
site, rate of injection, length of intravenous line and systemic hemodynamics [1]. Further
work is needed to establish age-appropriate, region-specific normative values for peak
enhancement and area under the curve. Complete washout occurs within approximately

10 min of microbubble injection in normal infants. Depending on the type and severity of
brain injury, washout can be delayed to variable degrees. In the severely injured brain, for
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instance, washout can be delayed by seconds or even minutes. In the presence of raised
intracranial pressure near brain death, washout might not be observed even after 30 min of
scanning [16]. The washout phase can be divided into early and late periods. Although there
is standardized timing for early and late washout in the evaluation of focal liver lesions (with
early washout referring to <60 s and late washout to >60 s after UCA injection), further
work is needed to define clinically meaningful early and late washout periods for various
brain CEUS indications.

In an infusion-based destruction-replenishment method, tissue perfusion is measured at
steady state; in this scheme, microbubbles in the field of imaging are destroyed and
replenishment kinetics are studied (Fig. 1). By applying a short acoustic pulse higher

in power (approximate mechanical index of 1.0-1.5) than that used for CEUS imaging,
microbubbles in the field of view are destroyed, and this is followed by replenishment of
circulating microbubbles into the same region.

To date, no serious adverse event has been reported in brain CEUS literature encompassing
more than 800 children and adults [2]. Like gray-scale and color Doppler US, brain CEUS
has been performed in critically ill infants and in the intraoperative setting because MRI

in these settings is practically challenging. Brain CEUS, as compared to brain CT or MRI
with contrast agent, is a safe option for the pediatric population and obviates the risks
associated with transport or sedation [1, 2]. Sedation, particularly, can be harmful to the
vulnerable, rapidly maturing brain of infants. There is a theoretical risk associated with
microbubble cavitation, which refers to microbubble destruction caused by high acoustic
power (mechanical index >0.8) resulting in potential thermal or mechanical bioeffects

[32]. However, studies on large animal models validating the potential bioeffects of
diagnostic CEUS settings in brain are not available and further exploration is warranted. The
destruction scheme uses a similar mechanical index as in gray-scale US and lasts several
seconds at most. Previously reported computational models, in vitro settings, and small
animal models using prolonged imaging times or higher mechanical index are not accurate
representations of the potential bioeffects from diagnostic brain CEUS applied to humans
[32]. However, even when rapid, short pulses that are higher than clinically used mechanical
index have been used for therapeutic applications, such as the opening of the blood-brain
barrier, no significant histological bioeffects have been observed [33].

Clinical applications

Hypoxic—ischemic injury

Hypoxic—ischemic injury contributes significantly to morbidity and mortality in the neonatal
population, with an incidence of 3 per 1,000 live births in developed countries [34].
Hypoxic—ischemic injury is one of the common causes of long-term neurologic dysfunction
in children after cardiac arrest [35, 36]. Therefore, early diagnosis and treatment of hypoxic—
ischemic injury is crucial for improved clinical management and prognostication of short-
and long-term outcomes. Currently, MRI is recognized as the most sensitive and specific
imaging technique for evaluation of neurologic pathology in hypoxic—ischemic injury [37,
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38]. The acute changes of a hypoxic—ischemic event are best appreciated on diffusion-
weighted imaging (DWI1) [39, 40]. In the early subacute stage, both T1 and T2 sequences
demonstrate hyperintensity in injured areas [39]. Beyond these conventional MRI sequences,
MR spectroscopy, diffusion tensor imaging (DTI) and arterial spin-labeled perfusion-
weighted imaging have been used to diagnose and prognosticate hypoxic—ischemic injury
[41-47].

While further work is needed to validate the diagnostic utility and prognostic value of brain
CEUS in the evaluation of hypoxic—ischemic injury, preliminary evidence in infants and
children suggests that it has the potential to serve as a nimble bedside tool, complementary
to MRI [4]. With CEUS, hypoxic—ischemic injury is diagnosed based on detecting
secondary perfusion changes associated with the injury. With hypoxic—ischemic insult, there
is an initial decrease in perfusion in the hyperacute phase followed by reperfusion in the
acute/subacute phases, which is sometimes restorative to the injured tissues depending

on the extent to which reperfusion injury occurs. The chronic phase of injury might
demonstrate restoration or decreased perfusion, the latter from the permanent brain damage
resulting from severe hypoxic—ischemic insult [48]. In addition, emerging evidence suggests
that poor outcome can be predicted by exaggerated hypo- or hyperperfusion response to
hypoxic—ischemic injury in the absence of changes on conventional MRI sequences (either
diffusion-weighted or T1-/T2-weighted) [49, 50]. Indeed, alterations in cerebral perfusion
and subsequent brain injury can be caused by impaired cerebral autoregulation, reperfusion
or secondary injury, microangiopathy, raised intracranial pressure or metabolic dysfunction,
all of which might not be readily evident on conventional MRI [13, 51-54].

Prior to the implementation of brain CEUS, three challenges are worth recognizing. First,
perfusion response to hypoxic—ischemic injury can be variable depending on the timing

of injury, evolving pathophysiology, and ongoing therapy such as hypothermia. Second,
perfusion abnormalities associated with hypoxic—ischemic injury can be symmetrical or
diffuse, in which case both qualitative and quantitative evaluations can be challenging
because of the lack of a reliable internal control. However, this can be overcome by
developing age-specific normative brain CEUS perfusion values. Third, perfusion changes
on MRI in the absence of conventional MRI findings can occur because of the complexity
of cerebrovascular physiology and subtle nature of some injuries that are only evident on
advanced MRI techniques such as MR spectroscopy or DTI [41, 49, 50, 55, 56]. This
means that using conventional MRI, specifically diffusion or T1/T2-weighted sequences,
as the reference standard test for the presence or absence of hypoxic—ischemic injury is

not always appropriate. The application of brain CEUS for hypoxic—ischemic injury should
be performed with the understanding that perfusion is a dynamic phenomenon that can be
altered by multiple factors, including the timing and extent of injury. Ideally, the potential
clinical utility of brain CEUS should be assessed in the context of advanced MRI techniques
and clinical outcomes, rather than relying on conventional MRI alone as the reference
standard.

In the evaluation of hypoxic—ischemic injury, Hwang et al. [4] introduced a quantitative
CEUS approach to screening for the presence of hypoxic—ischemic injury. Unaffected
infants were distinguished from those with hypoxic—ischemic injury by assessing the
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ratio of central gray nuclei to cortical perfusion using wash-in, peak enhancement and
area-under-the-curve Kinetics parameters on the time-intensity curve. This quantitative
approach is based on the knowledge that infants have relatively more avid perfusion to

the central gray nuclei than the cortex, with a central-gray-nuclei—to—cortex perfusion ratio
>1. Alteration of this perfusion pattern can be seen in hypoxic—ischemic injury (Fig. 2). In
rare instances, the injury can affect the cortex and central gray nuclei to similar extents,
resulting in commensurate perfusion changes that do not alter the central-gray-nuclei—to—
cortex perfusion ratio. Future research into creating quantitative methods for detecting
injuries at the regional level, even in mixed injury patterns, might be helpful. Furthermore,
availability of reference standard values of brain perfusion would support detection of these
challenging cases.

Congenital heart disease

Congenital heart disease affects approximately 40,000 births per year in the United States
[57, 58]. It is the leading cause of infant mortality from birth defects [59]. In a report

of infant mortality during the period spanning 2003-2006, 4.2% of all neonatal deaths
were caused by a congenital heart defect [60]. In this report, hypoplastic left heart
syndrome accounted for the majority of mortality, followed by other conditions such

as the transposition of the great vessels and ventricular septal defect. In 2009 pediatric
hospitalizations caused by congenital heart disease cost $5.6 billion and accounted for 15%
of costs for all pediatric hospitalizations [59]. While advancements in medical and surgical
care of children with congenital heart disease have resulted in improved survival, long-term
neurocognitive impairment is a growing concern in this population [61].

The effects of complex congenital heart disease and surgical intervention on the growing
brain remain poorly understood. Along with the results of neonatal heart surgery, the effects
of surgery on the brain should therefore be carefully monitored in the intraoperative and
postoperative periods because the risk of long-term neurologic developmental impairment
is high [15, 62]. There is increased prevalence of brain injury after surgical intervention
[63-66]. In the wide spectrum of neuroimaging abnormalities, periventricular leukomalacia
is most common; it is postulated that this is because of the enhanced vulnerability of
premyelinating oligodendrocyte precursor cells to hypoxic insult [63, 65, 66]. Prognostic
tools for infants with congenital heart disease are highly desired and the subject of numerous
studies [67-72]. Baseline brain perfusion prior to surgery differs among infants with various
types of congenital heart disease. Accurate understanding of these perfusion patterns should
improve prognostication of long-term neurodevelopmental outcomes. Such understanding
could impact the timing of surgical management in infants requiring staged interventions.

In terms of the current neuroimaging algorithm, brain MRI is often performed because of
the high prevalence of central nervous system abnormalities in this population. Multimodal
approaches to intraoperative neuromonitoring have been reported, using techniques such
as near-infrared spectroscopy, transcranial Doppler US, and electroencephalogram (EEG)
[73, 74]. As compared to these modalities, brain CEUS helps delineate brain perfusion

at the global and regional levels; thus, brain CEUS can serve as a useful technique for
intraoperative monitoring of brain perfusion during neonatal cardiac surgery (Figs. 3 and
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4) [15]. For the future, baseline, intraoperative and post-surgical brain perfusion might be
compared in correlation to long-term clinical outcomes.

Pediatric stroke, while rare, is associated with significant mortality and morbidity. The
incidence of combined ischemic and hemorrhagic pediatric stroke is reportedly up to

13 cases per 100,000 children [75-78]. Approximately 10-25% of children affected by
stroke will die, while up to 66% of them will live with persistent neurologic deficits

and neurodevelopmental problems [79, 80]. As a result, caring for these children involves

a substantial financial and emotional burden for families and society [81]. To improve
clinical outcomes in pediatric stroke, reliable neurodiagnostic tools for early recognition and
therapeutic guidance are much needed.

Magnetic resonance perfusion imaging has traditionally been used for assessing acute stroke
in pediatric and adult patients. However, risks associated with transportation, incompatible
support equipment, and potential need for sedation or anesthesia can limit MRI utilization
in critically ill children. Non-contrast CT and contrast-enhanced CT angiography have also
been performed but are not preferred in children because of the potential risks of radiation
and transportation. CEUS has superior spatial resolution for evaluating microvasculature
brain perfusion. Thus the combination of noninvasive bedside evaluation with US and
CEUS offers advantages over CT and MRI in these children. CEUS evaluation of acute
ischemic stroke has been reported predominantly in adults and can be used to detect cerebral
perfusion deficits in acute ischemic stroke or to monitor response to thrombolysis treatment
[23, 82]. Although few studies have evaluated pediatric stroke with brain CEUS, such an
application is conceivable and is an area of future research.

If there is a concern for stroke, the mid axial plane for imaging through the central basal
ganglia can be performed initially. Note that depending on the timing of stroke and the
tissue characteristics (tissue at risk versus injured tissue), cerebral perfusion as assessed with
quantitative brain CEUS can be different. As seen in hypoxic—ischemic injury, UCA transit
through the brain vasculature can be slowed in stroke, resulting in delayed mean transit

time on MRI or delayed rate of washout on CEUS [83]. Delayed time to peak is another
quantitative finding reported in the tissue affected by acute stroke using brain CEUS [23].
Comparison of the quantitative perfusion parameters between the affected and non-affected
sides can be informative in the diagnosis of stroke and monitoring for reperfusion during
thrombolytic therapy [23]. To screen for potential involvement of other vascular territories in
the remainder of the brain, the examiner can perform superior-to-inferior sweeps on the axial
plane. Larger prospective studies are needed to compare the diagnostic accuracy of CEUS
and MRI in the detection of stroke, and the utility of CEUS for accurate characterization

of the penumbra for thrombolytic therapy. Establishing robust quantitative approaches to
diagnosing and serially monitoring the ischemic core and penumbra might be valuable to
guiding post-stroke therapy.
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Brain tumors

Central nervous system (CNS) tumors are the leading cause of cancer death in children
ages 0-14 years in the United States, with a tumor incidence of 5.5 cases per 100,000
[84]. Primary pediatric spinal cord tumors are rare, with a frequency of 0.2 per 100,000
person-years. The incidence of these neoplasms increases from ages 0—4 years (0.2 per
100,000 person-years) to ages 15-19 years (0.3 per 100,000 person-years) [85]. Surgical
removal represents a therapeutic option in a large number of cases.

Brain MR is the gold standard for initial diagnostic assessment and follow-up of brain
tumors in children. The utility of brain CEUS has been shown predominantly in the
intraoperative setting when brain MRI cannot be easily performed. Intraoperative CEUS
during adult neurosurgical procedures was performed for the first time in 2005 by Kanno
et al. [86]. In this study, a first-generation UCA was used to enhance power Doppler
imaging to highlight brain tumors, applying the transducer directly over the meninges
after craniotomy. Since this preliminary experience, other authors have explored the
potential of intraoperative CEUS to guide neurosurgical procedures, mainly enhancing
tumor visualization and delineating vascular landmarks for guiding tumor resection. The
intraoperative CEUS in neurosurgical practice has been incorporated into the European
Federation of Societies for Ultrasound in Medicine and Biology guidelines [87]. The first
use of intraoperative CEUS in a pediatric neurosurgical patient was reported in 2015,
describing the case of a 14-year-old boy who underwent operation for an intramedullary
cervical spine tumor [88]. Indeed, with adequate knowledge, the advantages encountered
in the adult population with the use of intraoperative CEUS technique in neurosurgical
procedures can be translated to the pediatric population.

US has proved to be a useful, portable tool to guide surgical removal of CNS tumors,

but its utility for discerning tumor and normal neural parenchyma is limited. To this end,
intraoperative CEUS has shown potential to highlight neoplastic tissue in adults [14, 25,

26, 86, 88-94]. A direct comparison between intraoperative CEUS and T1-W gadolinium-
enhanced MRI using fusion imaging demonstrated that the former shows the same tumoral
location and volume as MRI, demonstrating that intraoperative CEUS can be reliably used
for surgical guidance [95] (Fig. 5). Neoplastic tissue might demonstrate higher intraoperative
CEUS contrast enhancement because of its higher vessel density compared to the normal
surrounding brain parenchyma, although the presence of necrosis would reduce the tumoral
enhancement [96].

Studies have also showed that brain CEUS allows for differentiation of tumor from edema
as well as detection of residual tumor [93, 96]. As compared to cerebral edema, low-

grade glioma demonstrated higher enhancement and faster time to peak [96]. Furthermore,
when coupled with MRI-CEUS fusion imaging for virtual navigation, CEUS allowed for
localization of major vessels within the surgical field, which aids in the visualization of
feeding vessels prior to the start of tumor resection. This allows precise devascularization
of the tumor and reduces blood loss, which is crucial in children for avoiding severe
hemodynamic dysfunction. Because microbubbles behave as purely intravascular contrast
media that do not spread into the interstitial space, intraoperative CEUS can be employed as
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a real-time tool in the surgical field to display both large and small vessels and to allow for
assessment of tissue perfusion during cranial tumor surgery [14, 92].

Epilepsy is the most common chronic neurologic condition in children [97]. The incidence
of epilepsy in children ranges 3.2-5.5 per 1,000 in developed countries [98]. Epilepsy is
characterized by unpredictable and often short-lasting repetitive epileptic seizures that can
be life-threatening. There is a wide spectrum of neuropathological alterations and clinical
phenomenology [99]. Children with epilepsy, even those with milder forms of the disease,
suffer from lifestyle limitations and social stigmatization [100].

Video-electroencephalography (VEEG) monitoring is the gold standard for diagnostic
evaluation of seizures [101]. Video adds benefit to EEG because the video might
demonstrate behavioral phenomena associated with seizures. Both VEEG and EEG can
continuously record electrical activity; however, precise spatial localization of the ictal focus
with these methods can be difficult and data can be degraded by artifacts [102]. Pilot studies
have used cerebral blood flow measurements of ictal activation using thermal diffusion
flowmetry and near-infrared spectroscopy, but these need further validation to be translated
into the clinical setting [103, 104]. Note also that MRI is not able to identify an etiological
lesion in up to 40% or more cases [105]. Single-photon emission CT and positron emission
tomography have been used for ictal and interictal imaging, but as with MRI, these are not
portable tools and are not readily accessible during seizures [106].

There is a paucity of data on the application of brain CEUS for diagnostic evaluation

of epilepsy. Yet, theoretically, brain CEUS would assist with intraoperative localization

of focal lesions responsible for epilepsy. It would be interesting to study whether brain
CEUS can serve as a tool for localization of an ictal focus, with or without an associated
anatomically evident lesion on MRI. In terms of an anatomically evident ictal focus, focal
cortical dysplasia is the most common cause of symptomatic drug-resistant epilepsy, and
surgery can achieve seizure control. However, intraoperative identification of the tissue

to be resected can be challenging [107]. Usually these developmental anomalies harbor

a higher number of functional microvessels compared to the surrounding cerebral cortex,
facilitating identification of these regions on CEUS. Thus intraoperative CEUS could be
employed as an adjunct tool to advanced imaging to visualize the dysplastic area, guiding
total resection. The same concept applies to other lesions, such as the dysembryoplastic
neuroepithelial tumor, that can induce drug-resistant epilepsy. When a clear lesion is not
observed, disconnection or resection procedures are necessary. In such cases, vessels can
serve as landmarks, and their identification as well as their sparing is mandatory; here, too,
the use of intraoperative CEUS to visualize all vessels in the surgical field could guide and
help the resection.

Neurovascular diseases

Pediatric neurovascular diseases encompass a wide spectrum of pathologies affecting small
and large vessels of the brain in children [108-110]. While neurovascular disease is less
common in children than in adults, pathological evidence suggests that it is a more common
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entity than has been reported [111]. The disease can be diffuse or focal. Potential etiologies
for diffuse involvement of small or large vessels include congenital heart defects, post
hypoxia or traumatic microthrombi from hypercoagulability, rheumatologic mechanisms,
connective tissue disorders, genetic mutations, infectious or inflammatory vasculitis, and
those related to treatment (e.g., radiation and chemotherapy) [54, 108-110]. Focal or
multifocal lesions can be genetic, developmental, sporadic or acquired. Some examples
include cavernous malformation, arteriovenous malformation, hereditary hemorrhagic
telangiectasia and vein of Galen malformation [109].

The gold standard exam used for screening and workup of pediatric neurovascular diseases
is brain MRI. In situations when there is a known focal vascular lesion in the brain, brain
CEUS can be complementary to MRI and can be used for intraoperative guidance and
monitoring of the lesion. Intraoperative CEUS is superior to Doppler US in helping to
localize small branches and can provide information about aneurysmal sac morphology
and orientation, arteriovenous malformation nidus, and flow in proximal and distal vessels.
Intraoperative brain CEUS can also be helpful during revascularization surgery in cases such
as moyamoya disease, a cerebrovascular syndrome characterized by progressive stenosis

of the intracranial internal carotid arteries and their proximal branches, that predispose to
ischemic and hemorrhagic events [112]. In combination with other intraoperative imaging
techniques, intraoperative CEUS can be used to assess stenosis of the internal carotid artery
and its distal branches, evaluate tissue perfusion and confirm the patency of the bypass
[113].

After lesion excision or neurovascular lesion embolization, brain CEUS can assess residual
flow within the nidus or vessels supplying and draining the nidus in arteriovenous
malformation surgery (Fig. 6) [25, 26, 114]. The utilization of brain CEUS helps to avoid
more invasive or time-consuming examinations, with the added advantage of reducing
radiation exposure and iodinated contrast agents in children [115]. Serial monitoring can
be conveniently done at bedside or clinic visits in a cost-effective manner. For the future,
the development of three-dimensional technology for CEUS imaging would prove to be
helpful in the reconstruction of vascular morphology in a similar manner to CT or MRI.
Analogous to MRI or CT angiography, maximum-intensity projections (MIP) of brain
CEUS can be obtained during wash-in of contrast agent to reconstruct neurovascular
architecture. Following UCA injection, the MIP technique selects maximum pixel intensity
over consecutive CEUS images to generate a composite vascular map. The CEUS-based
MIP technique has been used in a variety of human applications, including breast, prostate,
liver and brain [15, 116-119]. Future explorations of brain CEUS MIP might prove useful
for diagnostic evaluation of pediatric neurovascular diseases.

As for the diagnostic accuracy of brain CEUS in screening for focal or diffuse neurovascular
diseases, further studies are warranted. This necessitates increased familiarization

with normal neurovascular anatomy on brain CEUS, technological advancements to
instantaneously generate a neurovascular map at bedside, and prospective studies comparing
brain CEUS to the reference standard brain MRI for initial validation.
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Conclusion

Brain CEUS can be a useful tool for evaluating various central nervous system pathologies
affecting children and can serve as an adjunct modality to MRI or CT. Current evidence
suggests that with the appropriate scan settings, the potential risk involved in performing
brain CEUS is minimal and lower than that associated with other contrast agents such as
iodinated contrast and gadolinium. Because of its utility for assessing cerebral perfusion at
the macro- and microvascular levels, brain CEUS offers distinct functional insights into the
cerebral tissue and associated pathologies important for disease diagnosis and prognosis.
Beyond the attempts to achieve diagnostic equivalence or superiority as compared to
existing advanced modalities, other interesting research would be to explore whether CEUS
can detect brain injury early and improve prognostication. Further clinical experience and
research on the diagnostic and prognostic value of brain CEUS is therefore much warranted.
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Fig. 1.

Time (seconds)

Contrast-enhanced ultrasound (CEUS) quantification methods: bolus-based time-intensity
curve and infusion-based destruction-replenishment method. a Representative plot of a time-
intensity curve generated from bolus administration of ultrasound contrast agent (UCA).
The contrast agent intensity is represented by the solid line, with the intensity amplitude

in arbitrary units (au) or decibels (dB) on the y-axis and time on the x-axis. Also shown

are perfusion kinetics metrics of arrival time, time to peak, wash-in slope, wash-in area
under the curve, washout area under the curve, washout slope and peak intensity that can be
obtained from the time-intensity curve. b Representative plot of the UCA intensity changes
over time using an infusion-based destruction—replenishment method. After infusion is
initiated and using low mechanical index (MI) imaging, the UCA intensity gradually
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increases until it reaches a steady-state enhancement (so/id lin€). A high mechanical index
pulse is then delivered, causing microbubble destruction within the imaging area of interest.
The mechanical index is returned to a low setting to allow preservation of microbubbles
washing into the field of view. The initial slope on the replenishment cycle can be used as an
indicator of flow-rate or flux rate
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Fig. 2.
Contrast-enhanced ultrasound (CEUS) in normal brain and in hypoxic—ischemic injury. a

Brain CEUS in a normal 1-month-old boy in the coronal plane demonstrates more avid
perfusion to the central gray nuclei (CA) as compared to white matter (W) during the
wash-in phase. b Brain CEUS in a 14-day-old boy with known hypoxic—ischemic injury to
the white matter. Image obtained in the coronal plane during the peak enhancement phase
shows hyperenhancement of the internal capsule (/C) and corpus callosum (CC) during

the reperfusion state. The degree of enhancement is like that of the central gray nuclei
(CN), resulting in loss of differential perfusion between these structures. Central gray nuclei
should be the most avidly enhancing structure at peak enhancement in infants. ¢ Brain
CEUS in a 10-month-old girl with known multiple hypoxic—ischemic insults to the brain.
Image obtained in the coronal plane during wash-in phase shows mild ventriculomegaly (V)
and avid perfusion of the cortical ribbon (dashed ling), corpus callosum (CC) and central
gray nuclei (CN). This finding predates the extensive laminar necrosis on follow-up MRI
(not shown here)
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Fig. 3.

ngimum-intensity projection (MIP) images of cerebral vasculature. a—d Coronal MIP
images of the cerebral vasculature in a 31-day-old girl with transposition ofthe great arteries
during the arterial phase depict normal progressive arrival of the US contrast agent from 0

s (a) to 30 s (b), 36 s (c) and 54 s (d) post injection. Numbers on the upper aspect of each
image represent the time, in seconds, following the administration of the US contrast agent
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Fig. 4.
Visualization of dynamic intracerebral flow characteristics. a Exemplary transfontanelle

coronal contrast-enhanced ultrasound (CEUS) images in a 31-day-old girl with transposition
of the great arteries taken before surgical intervention. Regions of interest (ROI) were set
for both hemispheres (green), the right hemisphere (purple), the left hemisphere (white),
and the superior sagittal sinus (ye/low). b, ¢ The corresponding color-coded maps in the
coronal plane show the washin—washout area-under-the-curve signal (b) and the time to peak
(c). Mild asymmetry in cerebral perfusion is evident. d Time-intensity curve generated from
the ROIs. X-axis shows time in seconds and y-axis shows signal intensity in arbitrary units
(a.u.). Graphs are shown for the right hemisphere (purple), left hemisphere (gray) and the
superior sagittal sinus (ye/low). Both hemispheres show similar flow patterns with similar
guantitative parameters (time to peak is shown). In contrast, venous flow in the superior
sagittal sinus shows later enhancement (increased time to peak), as expected
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Fig. 5.

Fugsion imaging for virtual navigation between the preoperative MRI and real-time contrast-
enhanced ultrasound (CEUS), which was performed through a temporal craniotomy in a
15-year-old boy with dysembrioplastic neuroepithelial tumor (DNET). a Axial intraoperative
CEUS image (near-field: right temporal lobe). b Co-planar axial fluid-attenuated inversion
recovery MRI. The DNET in the medial right temporal lobe shows high intensity (arrowsin
a). The two imaging modalities are linked and the preoperative MRI follows the real-time
CEUS as the US probe is tracked in the three-dimensional space. On CEUS the tumor shows
a similar vascularization (oval/) compared to the surrounding parenchyma (rectangle). Other
anatomical structures visible on CEUS: the mesencephalon (asterisk), the cavernous sinus
(arrowhead) and the basilar artery (solid arrow), and the posterior cerebral arteries (open
arrow)
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Fig. 6.
Contrast-enhanced ultrasound (CEUS) evaluation of a vein of Galen malformation post

endovascular coiling in a 2-month-old boy. a Sagittal T2-weighted MRI brain sequence
shows dark flow voids in the large arteriovenous malformation. b Fluoroscopic lateral image
of the brain post endovascular coiling of the malformation. ¢ Post-coiling sagittal CEUS
with dual display of the gray-scale (/eff) and contrast-enhanced (righf) modes obtained
using the anterior fontanelle as the acoustic window to assess for residual flow in the

coiled arteriovenous malformation. There is small-volume residual flow within the coiled
malformation, with mildly prominent parasagittal vessels (arrows)
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