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Abstract

Neurosonography has become an essential tool for diagnosis and serial monitoring of preterm brain injury. Preterm infants are at
significantly higher risk of hypoxic—ischemic injury, intraventricular hemorrhage, periventricular leukomalacia and post-
hemorrhagic hydrocephalus. Neonatologists have become increasingly dependent on neurosonography to initiate medical and
surgical interventions because it can be used at the bedside. While brain MRI is regarded as the gold standard for detecting
preterm brain injury, neurosonography offers distinct advantages such as its cost-effectiveness, diagnostic utility and conve-
nience. Neurosonographic signatures associated with poor long-term outcomes shape decisions regarding supportive care,
medical or behavioral interventions, and family members’ expectations. Within the last decade substantial progress has been
made in neurosonography techniques, prompting an updated review of the topic. In addition to the up-to-date summary of
neurosonography, this review discusses the potential roles of emerging neurosonography techniques that offer new functional
insights into the brain, such as superb microvessel imaging, elastography, three-dimensional ventricular volume assessment, and
contrast-enhanced US.

Keywords Brain - Brain injury - Germinal matrix hemorrhage - Intraventricular hemorrhage - Neonates - Periventricular
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Introduction

Preterm infants are at a significantly higher risk of brain injury
than term infants. Furthermore, neurologic signs of brain in-
jury in preterm infants are more occult and can go undetected
if not properly monitored. Brain US has served a crucial role
in the diagnosis and monitoring of preterm brain injuries, of-
ten helping to initiate interventions and supportive care and to
evaluate the risk of long-term neurologic impairment.
Ultrasound is a portable, noninvasive, cost-effective and
non-ionizing modality that is readily available at most institu-
tions. In contrast, CT is rarely used in preterm infants because
of concerns of radiation, it and should be limited for
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emergencies (e.g., evaluation of intracranial hemorrhage,
masses with secondary increased intracranial pressure) when
no other modalities are available [1]. MRI is the gold standard
for assessing preterm brain injury but is used less often than
brain US because of its safety concerns related to transport and
physiological disturbances (e.g., temperature change) during
the critically ill period, potential need for sedation, and high
cost. Traditionally, MRI has allowed higher diagnostic accu-
racy than brain US. While color and power Doppler US tech-
niques have allowed functional insights into the brain, this
information has largely been limited to macrovascular flow
not entirely reflective of tissue perfusion or microvascular
flow dynamics. Furthermore, much information on the proto-
col, diagnostic criteria and clinical utility of neurosonography
in preterm infants has been reported with older-generation
scanners. Newer scanners and transducers are not only
equipped with higher resolution capability but also employ
advanced techniques such as microvessel imaging,
elastography, three-dimensional (3-D) US and contrast-
enhanced ultrasound (CEUS). These advanced techniques
have the potential to offer novel functional insights that can
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<« Fig. 1 Coronal and sagittal US views in a 20-day-old preterm girl (born
at 26 weeks’ gestation) with history of patent ductus arteriosus and
chylothorax. Her sonographic examination was performed through the
anterior fontanelle. a—h Images in coronal (a—d) and sagittal (e—h)
planes demonstrate successive planes of the brain without evidence of
intracranial hemorrhage or ventricular dilatation. Increased echogenicity
of the lenticulostriate vessels is noted (arrows in ¢ and h)

be of diagnostic, therapeutic and prognostic utility. This re-
view is designed to provide readers with updated technical
and clinical insights into the practice of neurosonography for
preterm brain injury.

Protocol

Reference guidelines have been proposed by radiologic socie-
ties to perform brain US in neonates and infants, including
indications, examination steps and safety policies, among
others [2]. Neurosonography protocol in preterm infants is best
standardized but can be tailored to the child and his or her
disease condition. The two most commonly used acoustic win-
dows are the anterior fontanelle, which typically closes be-
tween 6 months and 12 months [3], and the mastoid fontanelle,
which typically closes between 6 months and 18 months [4].
The anterior fontanelle is used for sagittal and coronal scanning
of the near- and far-field brain structures (Fig. 1). Near-field
imaging is important for evaluating the gray—white matter dif-
ferentiation, extra-axial fluid compartment, meninges and dural
venous sinuses (sagittal and transverse sinuses). In the far field,
brain structures, ventricles and cisterns, and sulcal/gyral mor-
phology can be assessed. Beyond the coronal and sagittal
sweeps and representative static images of the brain, it is rec-
ommended to use angled coronal sweeps of the brain to capture
the superolateral margins of the brain obscured in non-angled
coronal sweeps (Fig. 2). The mastoid fontanelle is used for
imaging of the posterior fossa structures (Figs. 3, 4 and 5). In
preterm infants, the transmastoid view also helps characterize
the tentorium, brainstem, occipital horns and zbasal cistern.

Fig. 2 Angled coronal US views
in a 30-day-old preterm boy (born
at 22 weeks’ gestation) at risk for
intracranial hemorrhage, status
post patent ductus arteriosus
repair. a, b Angled coronal views
of a neonatal brain delineate the
right (a) and left (b) superolateral
margins of the brain (dashed oval)

Fig. 3 Mastoid view. A US brain scan in a 19-day-old preterm girl (born
at 27 weeks’ gestation) with congenital heart disease and tricuspid valve
vegetation obstructing the inflow into the right ventricle on
echocardiography. Transverse mastoid view of the cerebellum is normal

The posterior fontanelle, which typically closes between
2 months and 3 months of age, is a useful acoustic
window for delineation of periventricular white matter,
choroid plexus pathology, intraventricular blood prod-
ucts, and tentorial abnormalities [5] (Fig. 6)

Curved and linear-array transducers are most commonly
used for neurosonography in preterm and term infants. The
footprint sizes of newer curved transducers have been de-
creased and optimized for the fontanellar imaging. The curved
transducer is used for far-field and the linear transducer for
near-field imaging, although in small infants the linear trans-
ducer might help image almost all of the brain with high res-
olution (Fig. 7). Under each transducer setting, further adjust-
ments of gray-scale smoothness, gain, focal zone, field of
view selection, and magnification can be made. The gray-
scale smoothness can be adjusted in incremental steps to make
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Fig. 4 Mastoid view, transverse plane. A color Doppler US brain scan in
a 19-day-old preterm boy (born at 26 weeks’ gestation) with transposition
of the great arteries shows expansile thrombus of the right transverse
sinus (arrows)

the images more coarse or smooth in appearance; this feature
can be helpful in the initial optimization of the brain transduc-
er to enhance the conspicuity of the gray—white differentiation
and focal parenchymal abnormalities. The overall gain or time
gain compensation can be adjusted to bring out the dark sig-
nal, but caution is important because excessive or inadequate
gain modulation can lead to obscuration of the gray—white

Fig. 5 Mastoid view, transverse plane. A US brain scan in a 16-day-old
preterm girl (born at 23 weeks’ gestation) shows wider field mastoid view
visualizing dilated ventricles, irregular morphology choroid plexus, and
echogenic ependymal lining suggestive of ventriculitis, in addition to the
cerebellum

differentiation. The focal zone is usually set at a depth of
approximately two-thirds of the brain, although this can be
modified based on the region of interest. Image optimization
of the region of interest can be similarly performed using US
systems with multiple focal zones or systems that do not op-
erate with a traditional focal zone.

The morphology and flow characteristics of major intracra-
nial arteries and veins can also be assessed using color, power
and spectral Doppler US techniques. With spectral Doppler,
quantitative flow parameters are peak systolic velocity (PSV),
end-diastolic velocity (EDV), resistive index (RI) as defined
by (PSV-EDV)/(PSV), and pulsatility index (PI) as defined

Fig. 6 Anterior and posterior fontanelle views on brain US in an 8-day-
old girl (born at 26 weeks’ gestation). a Parasagittal view of the brain
through the anterior fontanelle demonstrates linear horizontal
echogenicities caused by anisotropy (solid arrow), echogenic choroid
plexus (¢p) and partially visualized cerebrospinal fluid-filled occipital
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horn of the lateral ventricle (dotted arrow). b Parasagittal view of the
brain through the posterior fontanelle demonstrates non-visualization of
the anisotropy-related echogenicities in the cortex (solid arrow) and
improved visualization of the choroid plexus (¢p) and occipital horn of
the lateral ventricle (dotted arrow)
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by (PSV-EDV)/(mean velocity). There is strong evidence that
anterior fontanelle compression technique supports under-
standing of brain compliance, although this approach has not
been widely applied beyond research settings [6]. However, it
should be noted that the regulation of cerebral blood flow in
preterm infants is highly complex, especially in the setting of
co-morbidities such as congenital heart disease, medical inter-
ventions (i.e. vasopressors, ventilatory support) and immature
neurovascular physiology. Thus, the categorization of normal
versus abnormal Doppler measurements can be diagnostically
challenging. Furthermore, macrovascular flow is not necessar-
ily concordant with that of microvascular flow or vascular
territory tissue perfusion. Nonetheless, trends or fluctuations
in macrovascular flow can be a helpful signature of cerebral
autoregulation, acute brain injury and reperfusion response or
injury [7-11].

Finally, the major dural venous sinuses can also be interro-
gated for patency using color or power Doppler (Figs. 8 and 9).
Whereas the transverse sinuses are best seen on the
transmastoid view, the best approach for visualizing the sagittal
sinus, vein of Galen and the straight sinus is the sagittal plane
through the anterior fontanelle. Spectral Doppler evaluation of
the dural venous sinuses can reveal quantitative velocity infor-
mation, as seen in the major arteries, which can be valuable for
monitoring thrombosis, which is not uncommon in preterm
brains [12]. Other contributors to dural venous sinus patency
in preterm infants are altered coagulation pathways, venous
hypoplasia or aplasia, and venous obstruction caused by iatro-
genic, physiological, medical or positional factors.

Fig. 7 High-resolution US imaging with linear transducer in a 7-day-old
preterm boy (born at 23 weeks’ gestation) who underwent a sagittal brain
scan. US demonstrates numerous cystic foci (arrows) in the posterior
periventricular white matter caused by evolving white matter injury

Fig. 8 Dural venous sinuses in a 28-day-old preterm girl (born at
26 weeks’ gestation) with a history of intestinal perforation. The child
underwent gray-scale and Doppler brain US. Coronal plane near-field
evaluation with a linear transducer demonstrates normal flow in the mid
portion of the superior sagittal sinus (arrow)

Imaging algorithm

Computed tomography of the preterm brain entails ionizing
radiation, and its current use is very limited in most settings.
Early outcome studies have correlated severe long-term neu-
rologic impairment to moderate-to-severe intraventricular
hemorrhage (IVH) evident on CT of preterm infants

Fig. 9 Dural thrombosis in a 19-day-old preterm boy (born at 26 weeks’
gestation) with history of transposition of the great arteries and
mediastinitis. Coronal plane near-field US image shows expansile
echogenic thrombus filling the superior sagittal sinus (arrow)
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performed between 3 days and 10 days of age [13]. While
MRI avoids ionizing radiation and provides optimal anatom-
ical detail, the American Academy of Pediatrics in its
Choosing Wisely campaign has questioned the value of rou-
tine MRI use for screening preterm infants at term-
equivalence or discharge because it does not correlate with
long-term neurodevelopmental outcomes [14]. Behavioral
and medical non-sedation approaches are increasingly being
adopted to avoid sedation during brain MRI, but the optimal
exam quality is largely dependent on the situation. Emerging
portable MRI scanners could obviate the need for transport of
preterm infants, which is especially difficult during the criti-
cally ill period and in the setting of multiple support devices.
However, the spatial resolution of these scanners, which em-
ploy lower magnetic field strength, is not as optimal as that of
traditionally used 1.5-tesla (T) or 3-T MRI scanners, a limita-
tion that might impede its routine use for detecting subtle
preterm brain injuries. In this setting, neurosonography has
always complemented the limitations of MRI and CT by pro-
viding a portable, convenient and cost-effective means of de-
tecting and serially monitoring preterm brain injury.

The guidelines from the American Academy of Pediatrics
recommend screening for IVH in infants <30 weeks and in-
fants >30 weeks who are at increased risk of brain injury. The
timing of initial cranial US is recommended by 7-10 days of
age because 95% of preterm infants exhibit intracranial hem-
orrhage during this period [15, 16]. In the case of suspected
severe brain injury, brain US might be performed earlier than
the suggested initial screening period. Repeat brain US is rec-
ommended at 4-6 weeks of age, at term-equivalent age or
before hospital discharge. The rationale for performing repeat
scans is that this enhances accuracy of predicting long-term
neurologic sequelae [17-19]. In most situations, the timing of
brain US scans depends on the status of the child and the
medical and surgical intervention plans. Additionally, it is
important to note that there are no contraindications to
neurosonography in preterm or term neonates [2].

Fig. 10 Bilateral grade I
hemorrhage in a 5-day-old boy
(born at 31 weeks’ gestation) who
underwent gray-scale US. a, b
Coronal (a) and sagittal (b)
images demonstrate a focus of
increased echogenicity limited to
the right germinal matrix anterior
to the caudothalamic groove
(arrows). Note that the normal-
appearing choroid (arrowhead)
also has increased echogenicity
and caution should be exercised
to avoid confusing it for
intraventricular extension of
blood products
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Intracranial hemorrhage

Classification of intracranial hemorrhage in preterm
infants

Interestingly, the current classification schema for germinal
matrix hemorrhage—intraventricular hemorrhage (GMH-
IVH) originates from CT findings. In 1978, Papile et al. [20]
described the CT findings of 46 consecutive very-low-birth-
weight (VLBW) infants and demonstrated a high incidence of
IVH. The report described four separate grades of hemor-
rhage, which have been used since. Since the initial report,
the Papile classification has been modified to grade I, minimal
IVH; grade 11, IVH occupying 10% to 50% of the ventricular
area; grade III, IVH in 50% of the ventricular area; and grade
IV, parenchymal hemorrhage, most likely attributable to hem-
orrhagic venous infarction (Figs. 10, 11, 12 and 13) [21, 22].
The GMH-IVH terminology can be misleading, however,
because IVH can result from causes other than GMH (for
example, choroid plexus hemorrhage and hemorrhagic venous
infarct of the periventricular regions). Choroid plexus hemor-
rhage can occur alone or in association with GMH—IVH [23,
24]. Sonographic discrimination of choroid plexus hemor-
rhage can be challenging, although asymmetrical choroid
plexus enlargement in an otherwise normal infant is sugges-
tive of the diagnosis (Fig. 14). A prior report demonstrated
that choroid plexus hemorrhage was the sole bleeding site in
10 of 17 (59%) preterm infants with intracranial hemorrhage,
although no definitive conclusions can be drawn from this
study [25]. The same study reported GMH in the region of
the caudate head in 7 of 17 cases (41%). Posterior fossa hem-
orrhage has an important impact on morbidity and mortality,
especially in extremely preterm infants. The cerebellum, for
instance, represents a common but underrecognized site of
intracranial hemorrhage that warrants further investigation in
terms of prevalence, pathophysiology, imaging classification
and prognosis. It has been postulated that cerebellar
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Fig. 11 Bilateral grade III hemorrhage in a 19-day-old girl (born at
30 weeks’ gestation) who underwent gray-scale US as follow-up for
post-hemorrhagic hydrocephalus caused by choroid plexus hemorrhage.
a Mid-coronal plane of the brain demonstrates dilated ventricular system
with mildly echogenic ependymal lining from ventriculitis in the setting
of intraventricular blood products (solid arrows), in keeping with grade
I intraventricular hemorrhage. There is altered morphology of the

hemorrhage occurs in regions such as the germinal matrix of
the 4th ventricle and the internal and external granular layers
(as seen in primary cerebellar parenchymal hemorrhage).
Because there is a positive association between cerebellar
hemorrhage and supratentorial GMH-IVH, poor
neurodevelopmental outcomes are expected when this condi-
tion is present; the use of the mastoid window is of utmost
importance for the visualization of the posterior fossa [26-29].

Pathophysiology of germinal matrix hemorrhage

The germinal matrix is located in the subependymal zone and
is the origin of neurons and glial cells that migrate toward the

bilateral choroid plexuses of higher echotexture (dotted arrows) than
the intraventricular blood products. b Coronal unenhanced brain CT
obtained 4 days after the brain US demonstrates dilated ventricular
system. Bilateral choroid plexus is faintly visualized (dotted arrows)
but the intraventricular blood products are difficult to discern because
of the technique. Subtly hyperdense left frontal horn blood products are
evident (solid arrow)

cortex during development. In later fetal development, the
predominant location of the germinal matrix is in the caudate
head near the caudo-thalamic region, where most bleeding
occurs. GMH can occur in the occipital and temporal horns
as well as the 4th ventricle, though these incidences are more
rare [23, 30]. The germinal matrix regresses near term and the
occurrence of GMH in term infants is rare. However, the
timing of germinal matrix regression varies and on rare occa-
sions might extend into term. It should be cautioned, however,
that an echogenicity developing in the caudothalamic groove
in term infants could be caused by germinolysis rather than
late GMH [31, 32]. Distinction between GMH and
germinolysis can be difficult on US based on the location

Fig. 12 Grade IV intraventricular hemorrhage (IVH) in a 22-day-old girl
(born at 23 weeks’ gestation) with history of IVH and ventriculomegaly.
She underwent gray-scale brain US for follow-up. a Coronal image
demonstrates heterogeneous echogenicity in the left germinal matrix
caused by hemorrhage (solid arrows) and right periventricular/

intraventricular echogenicity (dotted arrows) from germinal matrix
hemorrhage and parenchymal venous hemorrhagic infarct in the setting
of grade IV IVH. b, ¢ Sagittal images of the right (b) and left (c) lateral
ventricles show the bilateral hemorrhagic blood products of
heterogeneous echotexture distending the lateral ventricle (arrowheads)
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Fig. 13 Temporal evolution of intraventricular hemorrhage (IVH) in a
newborn girl born at 30 weeks of gestational age who underwent gray-
scale brain US. a, b Coronal (a) and sagittal (b) images obtained at day 1
of age show normal sonographic appearance of the brain without
intracranial hemorrhage. ¢, d Coronal (c¢) and sagittal (d) images
obtained at day 3 of age show bilateral echogenic blood products

alone [33, 34]. Germinolysis refers to lysis and destruction of
germinal matrix by agents selectively attacking these cells
during active proliferation in utero. Prenatal viral infections

(arrows) in the germinal matrix extending into the lateral ventricles
with associated ventricle distention, constituting grade 3 IVH. e, f
Coronal (e) and sagittal (f) images obtained at day 4 of age show that in
addition to the IVH there is now periventricular hemorrhagic infarct
corresponding to grade 4 IVH on the right side (arrozw)

such as those from cytomegalovirus and rubella virus have
been shown to cause germinolysis, although other etiologies
are possible and yet unknown [33]. Indeed, postmortem

Fig. 14 Isolated choroid plexus hemorrhage in a 6-day-old preterm boy
(born at 36 weeks’ gestation) with history of transposition of the great
arteries who was evaluated for seizure-like activity. a Coronal brain US
shows mild heterogeneous echotexture of asymmetrically enlarged right
choroid plexus (arrow) compared with the contralateral part. b, ¢ Axial

@ Springer

brain MRI on the same day (b) demonstrates a moderate amount of
hyperintense blood products within the right choroid plexus on T1-
weighted sequence (arrow) and corresponding low signal on
susceptibility-weighted sequence (arrow in ¢)
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evaluation of small subependymal cysts in the caudothalamic
regions of select term infants revealed no hemosiderin or ev-
idence of prior hemorrhage, but evidence of prenatal viral
infection, mental retardation and congenital anomalies [33].

The role of the germinal matrix in neuroglial origin and
development necessitates increased demand for oxygen and
nutrients. The vascular networks in this region lack stromal
support and demonstrate heightened sensitivity to fluctuations
in cerebral blood flow, making them prone to hemorrhage. In
fact the microcirculation in the germinal matrix is composed of
simple endothelial-lined vessels that are often larger than cap-
illaries but lacking the muscle and collagen needed to be cate-
gorized as arterioles or venules [35-37]. In addition to its in-
trinsic fragility, multiple additional factors contribute to GMH,
including immature autoregulation, fluctuations in venous pres-
sure, genetic factors, co-morbidities and medical interventions
[38-45]. Various clinical conditions have been associated with
GMH, including hypoxia—ischemia, inflammation, cardiovas-
cular instability, respiratory disease and pneumothorax [46].
While less recognized, increased fibrinolytic activity, character-
istically observed in developing, remodeling systems, has been
reported in the germinal matrix of preterm infants and might
contribute to the pathogenesis of GMH [47, 48]; it has been
shown that lung maturation by antenatal glucocorticosteroid
treatment reduces the risk of GMH [49-51].

Pathophysiology of hemorrhagic venous infarct

Hemorrhagic venous infarcts can occur in association with
GMH or in isolation. A venous origin of parenchymal hemor-
rhage in preterm infants has been demonstrated by postmor-
tem and Doppler studies [52-56]. It is believed that venous
stasis or obstruction results in arteriolar hypoperfusion and
eventual hemorrhagic infarct [57]. In accordance with the
morphology of deep medullary veins, these hemorrhagic ve-
nous infarcts often adopt triangular, fan-shape echogenicity in
the periventricular regions [54, 56, 58, 59]. Furthermore, the
hemorrhagic component is most often centered near the ven-
tricular angle at the site of the confluence of the subependymal
terminal veins. It is important to recognize that it might be
difficult to distinguish venous congestion from early hemor-
rhagic venous infarct, and serial imaging in such cases would
be helpful because the former should resolve after a few days
to weeks [60]. Hemorrhagic venous infarcts can evolve into
cystic cavities after 1-2 months [61-63]. Discerning primary
hemorrhagic venous infarction from secondary hemorrhage
into periventricular leukomalacia (PVL) or non-hemorrhagic
PVL can be difficult because the lesions all demonstrate in-
creased echogenicity, although clinical implications of this US
distinction are unknown. Parenchymal hemorrhagic or non-
hemorrhagic infarct can also occur as a result of dural venous
sinus thrombosis, and such lesions might not be centered near
the ventricular angles like in grade IV IVH.

Post-hemorrhagic hydrocephalus

The molecular pathogenesis of post-hemorrhagic hydro-
cephalus is not fully understood [64]. The mechanism
by which post-hemorrhagic hydrocephalus develops after
GMH or IVH warrants further investigation. Previously
reported mechanisms include obstruction of cerebrospinal
fluid (CSF) flow at the cerebral aqueduct or the 4th ven-
tricle [36], impairment of CSF resorption by increased
extracellular matrix production throughout the
cerebroventricular system [65, 66], increased genetic ex-
pression of extracellular matrix proteins such as fibronec-
tin and collagen [65, 67, 68], and increased iron leading
to generation of hydroxyl radicals and oxidative damage
with neuronal death [69, 70]. Interestingly, iron chelators
have been shown to attenuate ventricular dilatation and
brain injury [69, 71]. Other proposed mechanisms of post-
hemorrhagic hydrocephalus include fibrosis of arachnoid
granulations and meninges as well as subependymal gliosis,
which in combination impair CSF resorption [72].
Approximately one-third of preterm infants with IVH develop
post-hemorrhagic hydrocephalus, which is associated with
poor neurologic outcomes [73]. Thus, serial brain US moni-
toring of the ventricular size and IVH evolution is needed to
guide timely medical or surgical intervention, often in the
form of ventricular shunt catheter placement to divert excess
CSF in the brain. Delayed intervention can cause elevated
intracranial pressure and brain ischemia, potentially leading
to permanent brain damage and severe long-term develop-
mental delay. Several two-dimensional (2-D) ventricular indi-
ces, including the frontal occipital horn ratio and frontal tem-
poral horn ratio, have been used to quantitatively monitor
ventricular size over time and have shown comparability with
MRI 3-D ventricular size measurements [74]. Other quantita-
tive indices such as the ventricular index and anterior horn
width are obtained on a coronal plane at the level of the fora-
men of Monro; however, single-plane ventricular size mea-
surement can under- or over-estimate 3-D ventricular volume
because ventricular dilatation in post-hemorrhagic hydroceph-
alus can occur in a spatially heterogeneous manner [75].

White matter injury
Pathophysiology

Periventricular leukomalacia (PVL), often used inter-
changeably with white matter injury in the literature, is
the most common brain lesion seen in preterm infants
[76—79]. Banker and Larroche [80] coined the term PVL,
which literally means softening (malacia) of the
periventricular white (leukos) matter, when they reported
the pathological findings in 51 infants. The
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pathophysiology of white matter injury in preterm infants is
multifactorial [81-83]. Both intrinsic and extrinsic factors
contribute to the development and evolution of white mat-
ter injury. Some of the intrinsic factors that make preterm
infants especially vulnerable to white matter injury include
the immature cerebrovascular autoregulation, the vascular
development resulting in vascular end or border zones, and
the highly vulnerable periventricular pre-myelinating oli-
godendrocytes [84-94]. There is also emerging evidence
that immature axons exhibit increased vulnerability to
stressors in white matter injury [95]. Extrinsic factors refer-
ring to any stressors before, during and after delivery in-
clude birth asphyxia, infection, co-morbidities, as well as
medical, mechanical and surgical interventions. More re-
cently, improved care of preterm infants has resulted in
the cystic form of PVL becoming a rare occurrence, ac-
counting for <5% of cases [96]. On the other hand, ad-
vances in US quality and resolution have allowed better
visualization of subtle periventricular white matter pathol-
ogy, which has now become a prevalent form of brain in-
jury in survivors of preterm birth [78, 79, 97-101].

Fig. 15 Periventricular
leukomalacia (PVL) in a 21-day-
old preterm boy (born at

28 weeks’ gestation) who
underwent brain US. a, b Coronal
(a) and sagittal (b) images show
scattered, fairly well-defined
hyperechoic lesions in the
periventricular white matter; most
ofthem are oval in shape (arrows)
and a few have a cystic
appearance, compatible with
acute/subacute PVL. ¢, d Two
weeks later, a follow-up brain US
shows decreased areas of prior
hyperechogenicity, consistent
with evolving PVL in the coronal
(c) and sagittal (d) planes, where
cystic changes (arrows) are more
conspicuous
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Classification

In the early 1990s, de Vries et al. [102] introduced the white
matter injury classification: (1) transient periventricular
hyperechogenicities (>7 days), (2) localized cysts beside the
external angle of the lateral ventricle, (3) extensive cysts in
frontoparietal and occipital periventricular white matter (cys-
tic PVL) and (4) extensive cysts in subcortical white matter
(cystic subcortical leukomalacia) (Figs. 15, 16, 17 and 18).
Cystic PVL is a sequelae of coagulative necrosis, and scarring
might disappear after 1-3 months from decreased cerebral
myelin and cyst wall collapse with ex vacuo dilatation of the
subjacent ventricle [81].

There are several diagnostic limitations to acknowledge as
this classification becomes increasingly relied upon in the
clinical setting. As the original paper noted, the overdiagnosis
of transient periventricular hyperechogenicity, presumably
from venous congestion [102], should be cautioned against.
The periventricular “flare,” referring to increased echogenicity
surrounding the ventricles, can last from days to weeks;
whether the duration of flare has long-term neurologic impli-
cations in the absence of cystic evolution remains
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Fig. 16 Cystic white matter
injury in a 1-day-old boy (born at
30 weeks’ gestation) who was
evaluated for concern for
hypoxic—ischemic injury. a On
initial brain US examination, a
coronal image shows focal
heterogeneously increased
echogenicity in the left periatrial
white matter (arrow). b Coronal
T2-weighted MRI after 2 months
shows a small focus of cystic
encephalomalacia (arrow) in the
left periatrial white matter region

controversial [103—107]. This evidence from the literature is
from a decade ago, and since then substantial advancements in
the resolution of cranial US have taken place. Therefore, grade
I PVL as suggested by de Vries et al. [102] might need to be
confirmed by prospective studies and might falsely categorize
normal from pathological flaring. In addition, the previous
concept of white matter injury, in which its echogenicity
was greater than that of the choroid plexus, is not entirely
accurate. Subtle and milder spectrum white matter
echogenicities can precede cystic white matter injury [96].
Furthermore, preterm infants might have more prominent
and echogenic choroid plexus than term infants [96]. It is
important to recognize the normally expected
hyperechogenicities in the anterior frontal horns and the
parieto-occipital junction of the lateral ventricles, caused by
anterior internal capsule and optic radiations, respectively.
This can be explained by the difference in anisotropy, which
is more evident when the child is scanned through the anterior
fontanelle; in contrast, imaging through the posterior fonta-
nelle can help clarify the nature of the relative increased

Fig. 17 White matter injury in a
girl born at 39 weeks’ gestation
with a history of hypoplastic left
heart syndrome who underwent
stage I Norwood with Blalock—
Taussig shunt, complicated by
hypoxemia. a Axial T1-weighted
MRI at 7 days old shows high
signal intensity in the
periventricular white matter
anterior to the frontal horns
(arrows). b Coronal US at

13 days old shows bilateral
symmetrical increased
echogenicity in the periventricular
white matter in the same region
(arrows)

periventricular echogenicity (Figs. 19 and 20) [108, 109]. In
addition, irregular or mild dilatation of the ventricles and
extra-axial space might accompany PVL.

To date, the presence and severity of cystic PVL re-
main the most reliable predictors of poor neurologic out-
comes such as cerebral palsy [103, 104, 110-113].
Beyond intellectual disability and socio-behavioral prob-
lems, long-term survivors of preterm brain injury might
experience visual impairment from involvement of the
optic radiation [114—118]. The incidence of cerebral palsy
and other adverse neurodevelopmental outcomes is inversely
correlated with gestational age at birth [119]. Of note, the
periventricular locus of necrosis more likely results in motor dis-
turbance and spastic paresis of the lower extremities because the
descending fibers from the motor cortex traverse this region.
However, further involvement of the centrum semiovale and co-
rona radiata also result in upper extremity involvement. Patients
with significant upper extremity involvement tend to exhibit more
severe cognitive deficits [120—-123].
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Fig. 18 Evolving periventricular leukomalacia (PVL) in a premature girl cystic changes in the white matter (arrow) and persistent asymmetrical
(born at 28 weeks’ gestation) on serial brain US. a, b Coronal (a) and increased echogenicity within the white matter. e, f Coronal (e) and
sagittal (b) US images obtained on first day after birth demonstrate sagittal (f) US images obtained at 6 weeks old demonstrate further
heterogeneously increased echogenicity in the left frontal and parieto- evolution of cystic changes (arrow) in the white matter and increased
occipital white matter (arrows). ¢, d Coronal (¢) and sagittal (d) US echogenicity

images obtained at 1 month of age demonstrate evolution of PVL with

Fig. 19 Normally expected hyperechogenicities in the preterm brain.

Brain US performed in a 3-day-old boy born at 31 weeks’ gestation. Fig. 20 Hyperechogenicities in the optic radiations. Coronal brain US in
Coronal image shows areas of increased linear echogenicity in the a 10-day-old boy (born at 28 weeks’ gestation) shows increased linear
bilateral anterior internal capsules (arrows) echogenicity in the bilateral optic radiations (arrows)
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Emerging neurosonography techniques
Microvessel imaging

Microvessel imaging is an advanced Doppler technique
in which slow flow (~<2.5 m/s) of microvessels is de-
tected by suppressing the static noise, or clutter signal,
previously unachievable with the conventional Doppler
technique [124-127]. The technology does not require
intravenous contrast agent and provides higher diagnos-
tic sensitivity for detecting slow flow than power
Doppler (Fig. 21) [124, 127]. Few publications have
described the clinical application of this technology in
the preterm brain. The two previously referenced reports
have mainly discussed the feasibility of microvessel im-
aging in visualizing cortical, medullary, striatal and tha-
lamic vessels. Commercially available US-system-
integrated microvessel imaging does not yet offer direc-
tional information, so the arterial versus venous vessels
are not distinguishable.

Nonetheless, the morphological features of cerebral
microvessels alone have the potential to serve as impor-
tant biomarkers of a variety of preterm brain patholo-
gies. For instance, asymmetrical flow in the striatal ves-
sels can result from hemispheric stroke. In the setting of
infection, abnormal morphology of cerebral microvessels
as well as hyperemia might be seen, although the sen-
sitivity and specificity of microvessel imaging markers
of infection are unknown. Other potential clinical appli-
cations include diagnosis of early or evolving venous
engorgement in preterm brain injury, and diagnosis
and monitoring of cerebral vascular malformations,
hypoxic—ischemic injury and infection [128].
Interestingly, microvessel imaging can also detect non-

Fig. 21 Microvessel imaging for
the lenticulostriate vessels in a
premature 1-month-old girl (born
at 23 weeks’ gestation) who
underwent brain US in the sagittal
plane to assess intracranial
hemorrhage. a Gray-scale sagittal
US shows the basal ganglia. b
Microvessel imaging overlay
onto the gray-scale image depicts
lenticulostriate vessels with high
resolution. Note also the vascular
choroid plexus posteriorly
(arrow)

vascular flow such as that of CSF in post-hemorrhagic
hydrocephalus (Fig. 22). This could be a result of alter-
ations in CSF composition to include red blood cells or
additional particulates with sound-reflective capability
[129].

Elastography

Elastography is a US technique that allows tissue stiffness to
be assessed via studying the altered propagation of sound
waves. Elastography in general can be categorized into strain
and shear wave elastography, the former using internal (i.e.
carotid pulsation, physiological respiration) or external com-
pression stimuli for semi-automated quantification of tissue
stiffness and the latter using US-generated shear-wave stimuli
for quantitation of tissue stiffness. Normal developmental
evolution of the gray and white matter elasticity has been
shown in infants [130, 131], suggestive of its potential role
as an imaging biomarker of neurodevelopment and develop-
mental delay. Regional variations in elasticity have also been
shown in preterm and term infants, with highest-to-lowest
elasticity (or lowest-to-highest stiffness) brain regions in the
following order: periventricular white matter, subcortical
white matter and caudate [131, 132]. The alterations in brain
tissue stiffness have correlated with pathological processes in
preterm infants. Initial reports of shear-wave elastography in
an infant with profound hypoxic—ischemic injury demonstrat-
ed more than a two-fold increase in tissue stiffness of the
cortex, likely in the setting of critically elevated intracranial
pressure (Figs. 23 and 24) [133, 134]. Since then, a prospec-
tive trial has applied shear-wave elastography in 166 infants
(110 healthy and 56 with hydrocephalus) and reported a mod-
est (r=0.69, P<0.001) correlation between brain elasticity and
intracranial pressure in neonatal hydrocephalus [135].
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Fig. 22 Microvessel imaging in post-hemorrhagic hydrocephalus in a 16-
day-old preterm girl (born at 23 weeks’ gestation) with bilateral grade 111
intraventricular hemorrhage and post-hemorrhagic hydrocephalus. a
Coronal brain US shows ependymal echogenicity from ventriculitis. b

It is important to note that in hydrocephalus, intracranial
pressure severity can vary depending on the etiology and
timing of initial triggers of ventricular enlargement. The extent
to which intracranial pressure changes depends on a multitude
of factors, including brain volume, injury status, blood volume
and flow, cerebrovascular regulatory potential, and tissue stiff-
ness at the time of acute intracranial pressure elevation. In
contrast, profound hypoxic—ischemic injury in an otherwise
previously healthy infant can exhibit limited intracranial com-
pliance that might be reliably detected with shear-wave
elastography, although this also likely depends on the nature
and timing of injury and on patient age, resuscitation efforts
and medical or invasive interventions during cardiopulmonary
resuscitation [136]. It might be interesting to pursue further

Fig. 23 Brain elastography. Brain
sagittal US elastography in an 8-
day-old preterm boy (born at

33 weeks’ gestation) shows
normal periventricular white
matter with normal stiffness of
0.9440.15 m/s. Image modified
from [134], with permission

Microvessel imaging ultrasound in the mid sagittal plane demonstrates
turbulent caudocranial cerebrospinal fluid flow (appreciable in real time)
through the cerebral aqueduct, with distribution within the 3rd ventricle
(asterisks)

advancements in elastography that would allow for assess-
ment of highly complex networks of point elasticity in multi-
ple brain structures, tracts and regions because intracranial
pressure alteration is not homogeneous across the brain.
Last, it must be noted that elastography is fairly safe but
should be used with caution in developing brains of preterm
infants, specifically abiding by the thermal and mechanical
safety standards of neurosonography in infants; namely, ther-
mal adverse bioeffects are directly linked to duration of expo-
sure to US, which requires that the ALARA principle (as low
as reasonably achievable) be followed; mechanical bioeffects
are also a consideration for which careful optimization of the
mechanical index, or acoustic power, is needed for the brain
elastography protocol [137, 138].

0.94 £ 0.15 m/s
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Fig. 24 Brain elastography after
anoxia. Brain sagittal US
elastography in a 6-month-old
(born at 37 weeks’ gestation;
gender unknown) with severe
anoxia. Imaging demonstrates
elevated values in the gray and
white matter of 3.6+0.21 m/s at
30 min after return of spontaneous
circulation. Image modified from
[134], with permission

Three-dimensional ultrasound

Advancements in image acquisition and reconstruction speeds
using 3-D US have enabled its increasing clinical integration
(Fig. 25) [139-141]. Three-dimensional positional informa-
tion can be gained from the transducer or external positional
device. While not integrated into commercially available sys-
tems, re-localization of the same 3-D position (X, y, z location)
might be feasible. This has important implications for serial
imaging and monitoring of the desired plane or lesion [142].
The additional incorporation of four-dimensional (4-D)

Fig. 25 Brain three-dimensional
(3-D) reconstruction. A
representative image (patient age
and gender unknown) reveals the
3-D reconstruction and
quantification of the brain
ventricular volume. Dotted lines
trace the borders of the mildly
enlarged 3rd and 4th ventricles in
sagittal (top left), axial (bottom
left) and coronal planes (top right)
for 3-D reconstruction (bottom
right). The calculated ventricular
volume (red) is shown at the
bottom. COR coronal. Image
reprinted from [141], with
permission

technology would be useful to detect moving objects within
the 3-D field (i.e. vascular or non-vascular flow) [143]. In the
preterm brain, 3-D US technology would be especially helpful
for serial quantitative monitoring of ventricular size in infants
at risk of developing or who have already developed post-
hemorrhagic hydrocephalus. The traditionally used 2-D-
based ventricular measurements are time-consuming and less
accurate. Manual and semi-automated ventricular volume
quantification methods are commercially available.
Automated post-processing methods are being researched and
are likely to advance into clinical practice in the near future.

Volume 76.7 cm3
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Fig. 26 Contrast-enhanced US in
a 14-day-old preterm boy (born at
36 weeks’ gestation) with a
history of hypoxic—ischemic
encephalopathy. a Microbubble
wash-in through a coronal slice
demonstrates altered
enhancement pattern of the basal
ganglia (thick arrows) and cortex
(thin arrows) during the wash-in
phase, caused by hypoxic—
ischemic injury. b Corresponding
coronal gray-scale US image

Contrast-enhanced ultrasound

Contrast-enhanced ultrasound (CEUS) utilizes intravascular
microbubbles for qualitative and quantitative assessment of tis-
sue perfusion and macro- as well as microvascular flow dynam-
ics. There is paucity of data on the use of brain CEUS in preterm
infants because brain applications are still off-label indications.
However, preliminary results have shown the potential utility of
brain CEUS in the diagnosis of hypoxic—ischemic injury in
infants (Fig. 26) [144, 145]. Hwang et al. [145, 146] have doc-
umented the quantitative approach to detecting hypoxic—
ischemic injury by examining the altered basal ganglia and cor-
tical perfusion ratios. In normal preterm and term infants, per-
fusion in the basal ganglia is avid and that of the cortex relatively
less so [146]. The same group further showed that the rate of
early washout can be a potential quantitative marker of
hypoxic—ischemic injury in infants [147]. But this perfusion
relationship might change depending on the type and severity
of the hypoxic—ischemic insult. Beyond hypoxic—ischemic in-
jury, brain CEUS might be useful for diagnosing and monitor-
ing stroke, vascular pathologies (sinus venous thrombosis, vas-
cular malformations, cerebral venous thrombosis) and lesions
[146, 148]. This modality is considered relatively safe, and
few adverse events have been reported. Moreover, no contrast-
related fatalities have been reported in children [149].

Conclusion
While brain MRI is still considered as the gold standard for

detecting preterm brain injury, neurosonography offers dis-
tinct advantages as an adjunctive tool, such as its cost-

@ Springer

effectiveness, diagnostic utility and convenience for diagnos-
ing and monitoring preterm infants. Advances in US
encompassing novel techniques such as microvessel imaging,
elastography, 3-D US and CEUS have the potential to not
only augment diagnostic sensitivity but to offer highly de-
tailed functional insights into the brain.
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