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Abstract

Neurosonography is an essential imaging modality for assessing the neonatal brain, particularly as a screening tool to evaluate
intracranial hemorrhage, hydrocephalus and periventricular leukomalacia. The primary advantages of neurosonography include
portability, accessibility and lack of ionizing radiation. Its main limitations are intrinsic operator dependence and the need for an
open fontanelle. Neurosonographic imaging acquisition is typically performed by placing a sector transducer over the anterior
fontanelle and following sagittal and coronal sweeps. The sensitivity of neurosonography has markedly improved thanks to the
adoption of modern imaging equipment, the use of dedicated head probes, and the employment of advanced diagnostic US
techniques. These developments have facilitated more descriptive identification of specific cerebral anatomical details, improv-
ing understanding of the cerebral anatomy by conventional US. Such knowledge is fundamental for enhanced diagnostic
sensitivity and is a key to understanding pathological states. Furthermore, familiarity with normal anatomy is crucial for
understanding pathological states. Our primary goal in this review was to supplement these technological developments with
a roadmap to the cerebral landscape. We accomplish this by presenting a systematic approach to using routine US for consistent
identification of the most crucial cerebral landmarks, reviewing their relationship with adjacent structures, and briefly describing
their primary function.
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Neurosonography extracorporeal membrane oxygenation support or other sup-
port machines; cases of congenital malformations, seizures,
Indications intrauterine growth restriction, congenital or acquired brain

infection and suspected or known head trauma; and for

Neurosonography is an essential imaging modality used to  follow-up or surveillance of previously documented abnor-
evaluate the neonatal brain [1], mainly as a screening tool in ~ malities, including prenatal abnormalities [3].
the assessment of intracranial hemorrhage (i.e. germinal ma-
trix hemorrhage), hydrocephalus and periventricular  Advantages and limitations
leukomalacia [2]. Neurosonography screening can also be
performed (with varying degrees of sensitivity and specificity)  The main advantages of diagnostic US include portability,
in cases of abnormal head circumference and vascular abnor- accessibility and lack of ionizing radiation [4, 5]. In particular,
malities; in children under hypothermia treatment, on  ith neurosonography, a comprehensive evaluation of the
neonatal brain can be performed at the bedside with no need
for sedation and with minimal preparation [6]. Moreover,
>4 Misun Hwang neurosonography is a noninvasive modality that can be per-

hwangm@email.chop.cdu formed in neurologically ill infants without the risks associat-
ed with transportation and neck manipulation [4, 5].
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anatomy, physiology and pathological changes of the brain
[7]. Inherent limitations specific to neurosonography include
the limited overview of the posterior fossa (which can be
overcome by the adoption of mastoid/posterior fontanelle
views), cortical regions and convexity of the brain; lack of
standardized parameters to assess the myelination process;
as well as reduced sensitivity and specificity in the
evaluation of brain ischemia, white matter disorders,
metabolic diseases and complex brain malformations [2, 5,
8—12]. If an abnormality is found or suspected on US, this
can lead to a recommendation for advanced imaging with
MRI or CT, with a greater degree of yield, which could be
more important in critically ill infants.

Neurosonography imaging acquisition
Equipment

The preferred probes for neurosonography are sector or linear-
array transducers, which can adjust and capture images
through the anterior fontanelle [3]. While sector transducers
allow for a wider field of view, linear-array transducers have a
higher frequency and therefore are recommended for evaluat-
ing superficial structures or lesions. These include extra-axial
collections, venous thrombosis, cerebral edema, and gyral—
sulcal anatomy, such as in suspected migrational anomalies
[13]. Although linear transducers might help resolve the com-
partment that an extra-axial fluid collection occupies as long
as it is near the midline, they are less useful for collections
over the convexities, where the sector or curvilinear transduc-
ers are better. Higher-frequency probes provide better image
resolution with less acoustic penetration, whereas lower-
frequency probes generate better penetration but lower image
resolution [14].

Acoustic windows

Appropriate acoustic windows primarily depend on an open
fontanelle. On average, the time of closure of the fontanelles
ranges 13-24 months for the anterior [15], 6-8 weeks for the
posterior [16] and 6—18 months for the mastoid [17]. Neonatal
neurosonography is typically executed through the anterior
fontanelle, which is an excellent acoustic window to the
supratentorial structures. Additional acoustic windows in-
clude the posterior fontanelle, which might be used to evaluate
the occipital region, posterior horns of the lateral ventricles,
and the cerebellum; the temporal window, which might be
useful to visualize the circle of Willis and its major branches;
the mastoid fontanelle, which is primarily used to visualize the
cerebellum, the brainstem and the third ventricle; and the fo-
ramen magnum window, which might be used to visualize the
craniocervical junction and to evaluate posterior fossa dural
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sinuses [3, 18-20]. Supplementary views, when present,
might be taken through Burr holes, craniotomy defects, or thin
areas of the parietal bones [20]. When it is deemed clinically
necessary to assess the vascular structures, it may be advanta-
geous to use spectral, color or power Doppler imaging through
a fontanelle or a transcranial approach [3].

Standard imaging examination

According to the parameter developed by the American
Institute of Ultrasound in Medicine (AIUM) in collaboration
with the American College of Radiology (ACR), the Society
for Pediatric Radiology (SPR), and the Society of Radiologists
in Ultrasound (SRU) [3], the standard imaging examination of
the neonate and infant includes coronal and sagittal views
through the anterior fontanelle. These might be obtained by
sweeping through the entire brain from anterior to posterior
and with appropriate degrees of left and right transducer an-
gulation, respectively. It is important to note that during the
coronal sweep, additional right and left oblique coronal views
of the brain help visualize the superolateral portions of the
cortex.

An extensive list of major structures that can be visualized
through both coronal and sagittal views has been outlined in
the AITUM-ACR-SPR—SRU parameter [3]. The list includes
the longitudinal cerebral fissure (interhemispheric fissure) and
the lateral sulcus (Sylvian fissure) as well as the insula, frontal,
parietal and occipital lobes; the corpus callosum, cingulate
sulcus, septum pellucidum, cavum septi pellucidi and cavum
vergae (if present); the periventricular white matter, ventricu-
lar system components and choroid plexus; the caudothalamic
grooves, basal ganglia and thalami; the brainstem structures
and mesencephalic aqueduct (aqueduct of Sylvius); the cere-
bellum and vermis of cerebellum; the posterior
cerebellomedullary cistern (cisterna magna); and the orbits,
skull base and branches of the anterior cerebral artery
(pericallosal artery and callosomarginal artery) [3].

Cerebral anatomy

Improved anatomical understanding of conventional
neurosonography is fundamental for enhanced diagnostic sen-
sitivity. Several additional specific sulci, fissures and gyri,
which were not listed in the AITUM—ACR—SPR—SRU param-
eter [3], are readily recognizable as long as a systematic ap-
proach is performed. Hence, our primary goals for this review
are to introduce a systematic approach to identifying the most
significant cerebral landmarks using routine US and to review
all relevant major cerebral structures. We apply the body of
knowledge that has been accumulated in the domains of CT
and MRI to assist in the identification of these major sulci,
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fissures, gyri, lobules and lobes, which have not been de-
scribed in the neurosonography literature.

To further demonstrate critical cerebral anatomy landmarks
on neurosonography, we selected a complete set of US images
of the brain from a 3-day-old healthy term boy. Images were
acquired using a broadband-array C5-8 probe, with 128 ele-
ments, frequency range 8—5 MHz, on a Philips Epiq 7G scan-
ner (Philips Medical Systems, Best, the Netherlands). The
anatomical terminology applied in this article follows the
Federative International Programme for Anatomical
Terminology [21-24]. Not included in the scope of this review
article are the ultrasound evaluation of the skin and scalp
tissues, the calvarial bones and skull base, the potential epidu-
ral and subdural spaces, the deep gray nuclei structures, the
vascular structures, the ventricular system, or the posterior
fossa structures. All the images displayed in this article were
obtained through the anterior fontanelle.

A roadmap to identify the most common
cerebral anatomical landmarks

Proper anatomical localization of central nervous system le-
sions and related structures is vital for clear communication.
Additionally, neurologists and neurosurgeons rely on detailed
anatomical descriptions to make an accurate correlation be-
tween the topography of a central nervous system lesion and
clinical findings [21].

The problem of clearly identifying the brain’s anatomy has
been approached with a variety of methods, and several
distinguishing landmarks have been described using CT and
MRI [25-31]. According to the aforementioned AITUM—
ACR-SPR-SRU parameter, the standard neonate and infant
neurosonography examination includes coronal and sagittal
views and a list of specific anatomical structures [3].

We propose the use of a systematic approach to identify the
most important landmarks of the neonatal brain. This addi-
tional neurosonography acquisition would begin at the sagittal
midline plane (combining modified sagittal and coronal
sweeping at the same acquisition), with the corpus callosum
as the starting point (Fig. 1). We have chosen to begin with the
identification of the corpus callosum because this is a readily
identifiable structure, and it is commonly associated with a
variety of brain anomalies such as callosal dysgenesis,
holoprosencephaly, Chiari II malformation, and Dandy—
Walker malformation.

When scanning the brain with the fixed conventional sag-
ittal and coronal approaches, and if a systematic approach is
not implemented, the recognition of specific sulci and gyri at
the convexities or at a far lateral scanning is challenging be-
cause of the lack of an accurate reference point.

Some structures are better seen in the sagittal view and vice
versa. Structures that are better identified (though not

exclusively) in the sagittal plane are as follows: the corpus
callosum, sulcus of corpus callosum, cingulate gyrus, cingu-
late sulcus, marginal branch, parieto-occipital sulcus,
precuneus, cuneus, calcarine sulcus and lingual gyrus. In the
coronal plane, structures that are better recognized (again, not
exclusively) are as follows: the central sulcus; the precentral
sulcus and gyrus; the superior, medial and inferior frontal gyri;
the superior and inferior frontal sulci; the orbitofrontal region;
the superior, medial and inferior temporal gyri; the superior
and inferior temporal sulci; the transverse temporal gyrus; the
medial temporal lobe structures; the base of the temporal lobe;
the lateral sulcus; the postcentral sulcus; the gyrus; the
intraparietal sulcus; the superior and inferior parietal lobules;
the superior, middle and inferior orbital gyri; and the superior
and inferior sulci. In both the sagittal and coronal planes the
following structures are clearly visible: the corpus callosum,
the lateral sulcus, the sulcus of corpus callosum, the cingulate
gyri, the circulate sulcus and the marginal branch. All cerebral
structures mentioned in this review are seen in both cerebral
hemispheres, with the exception of the corpus callosum.

Initiating the acquisition with a midline sagittal view
(Fig. 2) allows for the identification of the corpus callosum,
sulcus of corpus callosum, cingulate gyrus, cingulate sulcus
and marginal branch. To evaluate the lateral sulcus, the insula,
the inferior frontal gyri and the lateral surface of the temporal
lobes, sweep the probe laterally to the left and right (Fig. 2).
Return to the midline sagittal view (Fig. 2). The next step
would be to tilt the probe slightly posteriorly, centering the
US beam into the marginal branch of the cingulate sulcus (Fig.
2). To examine the lateral surface of the cerebral hemisphere,
rotate the probe 90° at the convexity, centering the US beam
into the marginal branch of the cingulate sulcus (Fig. 2).
Through a coronal view, sweep anteriorly toward the orbits
(Fig. 2). This enables identification of the central sulcus;
precentral sulcus and gyrus; the superior, medial and inferior
frontal gyri; the superior and inferior frontal sulci; the
orbitofrontal region; the superior, medial and inferior temporal
gyri; the superior and inferior temporal sulci; the transverse
temporal gyrus; the medial temporal lobe; the base of the
temporal lobe; and the lateral sulcus.

Again, through a coronal approach at the level of the
marginal branch of the cingulate sulcus, sweep the probe
posteriorly toward the occipital pole (Fig. 2). This ap-
proach reveals the postcentral sulcus, and gyrus, the
intraparietal sulcus, and the superior and inferior parietal
lobules. Returning to the sagittal midline approach, cen-
tered at the marginal sulcus (Fig. 2), the remainder of the
midline parietal and occipital structures can be detected,
namely the parieto-occipital sulcus, precuneus and
cuneus; additionally, the calcarine sulcus and lingual gy-
rus can be identified. Last, through lateral oblique sweeps
to the right and the left, the lateral surface of the occipital
lobes can be examined and the superior, middle and
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Fig. 1 Neurosonography image in the sagittal plane of a 3-day-old
healthy term boy obtained through the midline with the probe placed at
the anterior fontanelle. Several midline structures are highlighted. The
corpus callosum can be entirely delineated, and therefore is a reliable
hallmark that can be used as a starting point to localize the remainder of

inferior orbital gyri and superior and inferior sulci can be
detected on both sides (Fig. 2).

For the purpose of clarity and consistency (in the following
sections), the sulci and fissures in the figures have been la-
beled in white and the gyri in yellow. The marginal branch of
the cingulate sulcus has been highlighted in red in some
figures.

Normal echotexture of brain structures

Thorough knowledge of the normal echotexture of all intra-
cranial structures is of paramount importance in detecting nor-
mal variants and pathological conditions. Here we review the
commonly understood anatomy of the neonatal brain. In the
following section, we will discuss how developments in
neurosonography expand our shared knowledge. The first in-
tracranial layer visible at US is the arachnoid membrane,
which with its echoes of high amplitude (hyperechoic) can
be seen almost immediately in neonatal neurosonography
(Fig. 3) [32]. The pia mater (in the outermost surface of the
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the midline structures. Once the corpus callosum is found, the remaining
midline structures from the frontal, parietal and occipital lobes can be
promptly identified. In this view, the brainstem and vermis of
cerebellum are also easily depicted. The paracentral lobule is composed
of the gyri located around the central sulcus (asterisks)

brain and spinal cord) is seen as a thin, continuous and well-
defined hyperechoic layer immediately covering the gray mat-
ter (Fig. 3). The outer pial surface has a thinner echo compared
to the sulcal pial surface. In the healthy neonatal brain, the
juxtaposition of two pial surfaces along the sulci causes the
pia mater in the sulci to appear thicker than it appears on the
brain surface (Fig. 3) [32]. Gray matter and white matter have
different levels of echogenicity. In the full-term, healthy neo-
natal brain, white matter shows higher echoes than does gray
matter (Fig. 3) [33, 34]. The absence of these normal layers of
distinct echogenicities might indicate pathology [19, 35].
Because of an anisotropic effect of scanning, there
could be linear areas of periventricular increased
echogenicity, particularly along the trigones of the lateral
ventricles [36, 37]. These areas of increased echogenicity,
which are called periventricular halo, flare or blush, are
imaging pitfalls that can mimic periventricular
leukomalacia or parenchymal hemorrhage (Fig. 4) [4,
36-38]. From the anterior fontanelle approach, the US
beam passes through the white matter tracts and blood
vessels of the superior and posterior trigonal regions
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Fig.2 Diagram shows systematic approach for the anatomy of the neonatal cerebrum, with the corpus callosum as the proposed starting point to identify
the anatomy of the neonatal brain

almost perpendicularly, creating multiple sonographic in-
terfaces. These interfaces generate a relatively

homogeneous, flame-shaped hyperechogenicity with ill-
defined margins in the peritrigonal area. However, the

Fig. 3 Coronal US image in a 3-
day-old boy of the arachnoid,
which is one of the three
meninges that protect and cover
the brain and spinal cord. This is
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Dura mater

promptly seen in neonatal
neurosonography as a
hyperechoic mesh intertwined
with hypoechoic foci representing
cerebrospinal fluid, between the
dura and the pia mater. The pia
mater in the outermost surface of
the brain and cord is seen as a
thin, continuous and well-defined
hyperechoic layer immediately
covering the gray matter (cortex).
The outer pial surface normally
has a thinner echo compared to
the sulcal pial surface. Gray
matter and white matter
demonstrate different
echogenicities. In the full-term,
healthy neonatal brain, white
matter shows higher echoes when
compared with gray matter
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Fig. 4 Sagittal image of a 3-day-
old boy. The periventricular halo
represents a homogeneous ill-
defined flame-shaped
hyperechoic area in the
periventricular white matter along
the trigones of the lateral
ventricles. This is a pitfall finding
that can mimic periventricular
leukomalacia or parenchymal
hemorrhage

periventricular halo is not so evident through the posterior
fontanelle, in which the US beam is oriented more parallel
to the fibers [39, 40].

The structures that contain cerebrospinal fluid show
as homogeneous with very low echo amplitude (anecho-
ic), particularly in the ventricular system. The choroid
plexus shows higher echogenicity than other structures
in the brain, likely because of the multiple interfaces of
liquid and solid structures in the villus crypts and to its
increased vascularity [41]. The cerebral vasculature is
readily depicted in neurosonography. On real-time US,
the superficial vessels are recognizable within fissures
and cisterns as pulsating tubular structures with high
echo walls and low echo lumen. Color Doppler imaging
improves the detection of the brain vessels, allowing for
flow direction demonstration and blood velocity calcu-
lation [32].

Corpus callosum

The corpus callosum is the largest telencephalic white
matter commissure (Fig. 4) [42]. This curved and elon-
gated midline structure (in the sagittal plane) is respon-
sible for interhemispheric communication among the
sensory, motor and higher-order brain regions [43—47].

The corpus callosum is best seen in the sagittal
plane, which is considered the gold standard plane to
diagnose callosum abnormalities [44, 48]. Recognition
of the corpus callosum facilitates the identification of
several other midline structures (Fig. 4). Immediately
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Periventricular halo

above the corpus callosum lies the sulcus of corpus
callosum and cingulate gyrus.

Sulcus of corpus callosum, cingulate gyrus
and cingulate sulcus

The cingulate gyrus can be identified immediately above
the corpus callosum (Fig. 4). The sulcus between the
corpus callosum and cingulate gyrus is called the sulcus
of corpus callosum. The cingulate gyrus is part of the
limbic system, along with the hippocampus, amygdaloid
body, hypothalamus and basal forebrain, as well as the
parahippocampal, entorhinal, orbitofrontal, anterior cin-
gulate and insular cortices. The limbic system is in-
volved in emotion, memory and homeostatic processes.
The cingulate gyrus is involved in many crucial neural
circuits, such as those with reward centers, amygdaloid
body, lateral prefrontal cortex, parietal cortex, motor
areas, spinal cord, hippocampus and limbic regions
[49]. The cingulate sulcus, a principal midline landmark,
can be subsequently recognized as the sulcus above the
cingulate gyrus. Most of the limbic structures can be
identified in neurosonography.

The cingulate sulcus lies superior to the cingulate gyrus
in both sagittal and coronal planes (Fig. 4). The cingulate
sulcus originates in the subcallosal area with a curved
anteroposterior course in the sagittal plane, paralleling
the components of the corpus callosum. The cingulate
sulcus can be entirely delineated in the sagittal plane,
running from below the rostrum of the corpus callosum
to the parietal vertex. The sulcus is the longest on the
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medial surface of each hemisphere (in the sagittal plane),
typically with a mildly wavy configuration. The sulcus
spreads out anteroposterior from the frontal to the parictal
lobes. An additional pivotal midline landmark to be iden-
tified is the marginal sulcus of the cingulate sulcus.

Parieto-occipital sulcus and precuneus
and cuneus

The parieto-occipital sulcus is a deep sulcus in the me-
dial surface of each hemisphere that separates the
precuneus in the parietal lobe from the cuneus in the
occipital lobe. The parieto-occipital sulcus is seen from
the superior edge of the hemisphere to the anterior por-
tion of the calcarine fissure (Fig. 4).

Calcarine sulcus and lingual gyrus

A prominent landmark on the medial aspect of the oc-
cipital lobe is the calcarine sulcus. The calcarine sulcus
separates the cuneus (above) from the lingual gyrus
(below) (Fig. 4). The lingual gyrus is a component of
the primary visual cortex, along with the cuneus. The
lingual gyrus is associated with color perception and is

Fig. 5 Neurosonography image
of a 3-day-old boy in the coronal
plane obtained at the vertex with
the probe placed at the anterior
fontanelle. The postcentral gyrus
and the central sulcus lie
immediately anterior to the
marginal branch of the cingulate
sulcus (red). The marginal branch
is a useful anatomical landmark to
localize the central sulcus and,
therefore, the remainder of the
cortical structures

involved in the visual processing of the upper quadrant
of the opposite visual field [50].

Marginal branch of the cingulate sulcus

The marginal branch is the caudal-most component of
the cingulate sulcus [30]. In the sagittal plane, the mar-
ginal branch has a vertical course, separating the
paracentral lobule (pre- and postcentral gyri) from the
precuneus (Fig. 4). In the coronal plane, which is ac-
quired with oblique angulation on US imaging, the mar-
ginal branch has a horizontal course, perpendicular to
the US beam. The marginal branch (Fig. 5) is of para-
mount importance for locating the central sulcus on
cross-sectional imaging [30], which may present several
patterns, including a “bracket,” as described by Naidich
et al. [25]. Immediately anterior to the marginal branch
lies the postcentral gyrus.

Central sulcus

The central sulcus (Fig. 5), along with the lateral sul-
cus and intraparietal sulcus, is one of the most rele-
vant sulcal anatomical landmarks in the cerebral con-
vexities. The central sulcus not only separates the

Precentral sulcus
Precentral gyrus
Central sulcus

Postcentral gyrus

Marginal branch
of the cingulate
sulcus
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frontal from the parietal lobe but also is the structure
that divides the primary motor cortex anteriorly
(precentral gyrus) from the primary somatosensory
cortex posteriorly (postcentral gyrus) (Fig. 5) [25].
Correct localization of the central sulcus is crucial
for the identification of further superficial structures.
After the central sulcus has been characterized, two
probe directions can be taken, one anterior toward
the frontal pole and one posterior toward the occipital
lobe. Sweeping the probe anteriorly, the precentral
sulcus and precentral gyrus can be identified.

Precentral sulcus and gyrus

In the coronal plane, the precentral sulcus is an
oblique-oriented sulcus, running parallel and immedi-
ately anterior to the central sulcus (Fig. 5). The
precentral and central sulci are, respectively, the ante-
rior and posterior boundaries of the precentral gyrus
(Fig. 5), which represents the primary motor area.
The representation of each body part in the motor cor-
tex is proportional to the precision of movement con-
trol. Therefore, the motor areas for the hands, face and
tongue are disproportionately large. A useful landmark
for identifying the motor cortex is the motor hand area,
which resembles an inverted capital omega (Fig. 6)

Fig. 6 Neurosonography image
of a 3-day-old boy in the coronal
plane obtained at the vertex with
the probe placed at the anterior
fontanelle. Note a focal precentral
gyrus posterior bulge, which
represents the hand motor area.
This posterior bulge generates a
useful sign to identify the hand
motor cortex, known as the
inverted capital omega sign

Inverted capital
omega

Hand motor cortex
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[51]. Sweeping farther anteriorly, the next structures
to be identified are the superior, middle and inferior
frontal gyri and the superior frontal and inferior frontal
sulci.

Superior, middle and inferior frontal gyri
and superior and inferior frontal sulci

Three obliquely oriented gyri lie anterior to the precentral
sulcus, the superior frontal, middle frontal, and inferior
frontal gyri (Fig. 7). Two sulci separate those gyri: the
superior frontal and inferior frontal sulci. The superior
frontal sulcus is the lateral boundary of the superior fron-
tal gyrus (Fig. 7). The superior frontal gyrus merges with
the precentral gyrus in the medial surface of the frontal
lobe near the convexity (Fig. 7). Moreover, the superior
frontal gyrus is separated from the cingulate gyrus by the
cingulate sulcus (Fig. 7) [51]. The posterior third of the
superior frontal gyrus represents the supplementary motor
area, immediately anterior to the precentral gyrus. This
supplementary motor area is responsible for the planning
of complex movements of contralateral extremities and
also contributes to ipsilateral motor planning [52].

The middle frontal gyrus is a broad gyrus located
between the superior frontal sulcus and inferior frontal
sulcus, anterior to the precentral sulcus and gyrus (Fig.

Precentral sulcus

Precentral gyrus

Central sulcus

Marginal branch
of the cingulate
sulcus
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Fig. 7 Neurosonography image
of a 3-day-old boy in the coronal
plane obtained anterior to Fig. 6,
with the probe placed at the
anterior fontanelle. The central
sulcus is located anteriorly in
relation to the marginal branch.
Anterior to the central sulcus lie
the precentral gyrus, precentral
sulcus, middle frontal sulcus and
middle frontal gyrus (the inferior
frontal sulcus and gyrus are better
seen in Figs. 8 and 9). The
superior frontal sulcus is the
lateral boundary of the superior
frontal gyrus. The superior frontal
gyrus merges with the precentral
gyrus in the lateral surface of the
frontal lobe near the convexity

7). The middle frontal gyrus has a complex configura-
tion with anterior and posterior parts. The anterior part
can be further divided into ventral and dorsal compo-
nents. The posterior part is even more sub-segmented

into multiple small gyri.

Fig. 8 Neurosonography image
of a 3-day-old boy in the coronal
plane obtained anterior to Fig. 7,
with the probe placed at the
anterior fontanelle. The central
sulcus is not evident in this plane.
From the lateral sulcus, the reader
can identify the inferior frontal
gyrus and sulcus, the middle
frontal gyrus, and the superior
frontal sulcus and gyrus. In the
medial surface of the brain, the
superior frontal gyrus is separated
from the cingulate gyrus from the
cingulate sulcus

The middle frontal gyrus

Superior frontal gyrus
Cingulate sulcus

Corpus callosum

Superior frontal gyrus

Superior frontal sulcus
Middle frontal gyrus

Precentral sulcus

Precentral gyrus

Central sulcus

Superior parietal lobule
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represents at least one-third of the frontal lobe and is
responsible for higher cognitive functions, such as
reorienting attention [53].

The inferior frontal gyrus represents a significant com-
ponent of the prefrontal cortex lying between the inferior
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Fig. 9 Neurosonography images
of'a 3-day-old boy (a and b) in the
sagittal oblique plane obtained
slightly anterior to Fig. 8, with the
probe located at the anterior
fontanelle. The central sulcus is
evident posteriorly in this plane.
After localizing the lateral sulcus,
the reader can identify the major
components of the inferior frontal
gyrus. From posterior to anterior,
the inferior frontal gyrus can be
divided into three parts: the pars
opercularis, the pars triangularis,
and pars orbitalis

Pars orbitalis

Pars triangularis

/ Pars opercularis
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Lateral sulcus

Pars opercularis

Pars triangularis \
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Circular sulcus

frontal sulcus and lateral sulcus (Figs. 8 and 9) [54].
From posterior to anterior, the inferior frontal gyrus can
be divided into three parts: the pars opercularis, the pars
triangularis and pars orbitalis (Fig. 9). The borders of the
pars opercularis are the lateral sulcus inferiorly, the
precentral sulcus posteriorly, and the anterior ascending
ramus of the lateral sulcus anteriorly. The pars
triangularis is located between the anterior ascending
and horizontal rami of the lateral sulcus anteriorly and
posteriorly, respectively (Fig. 9). The pars orbitalis lies
anterior to the horizontal ramus of the lateral sulcus (Fig.
9) [54]. The inferior frontal gyrus is responsible for
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various highly complex functions, including language
processing, comprehension and production [55].
Sweeping anteriorly toward the frontal poles, the next
structures to be identified are the orbitofrontal region
structures.

Orbitofrontal region

The orbitofrontal region is a flat or slightly anteriorly
concave area that surrounds the floor of the anterior
skull base, superior to the roof of the orbit (Fig. 10)
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Fig. 10 Neurosonography
images of a 3-day-old boy in the
coronal plane obtained anterior to
Fig. 9, with the probe placed at the
anterior fontanelle aiming at the
eye globes. Neither the central
sulcus nor the lateral sulcus is
evident in this plane. a, b After
localizing the anterior skull base,
the reader can detect the eye globe
and ethmoid labyrinth (a) and the
most relevant structures of the
orbitofrontal region. The main
structures in this region are the
olfactory and orbital sulci, the
straight gyrus and the orbital gyri
(a and b)

/Superior frontal sulcus

Cingulate sulcus

Orbital sulcus

Floor of the anterior
skull base

Straight gyrus

[21]. The straight gyrus is located at the midline, supe-
rior to the ethmoid labyrinth and cribriform plate. The
ethmoid bone is represented on US by the increased
focus of echogenicity between the orbits, immediately
below the anterior skull base (Fig. 10). The olfactory
groove can occasionally be visualized. The olfactory
sulcus (Fig. 10) is located a few millimeters from the
midline, medial to the straight gyrus. The orbital sulcus
is located further laterally (Fig. 10), with a complex
configuration in the coronal plane. The orbital gyrus

Cingulate sulcus

Superior frontal sulcus

™ Orbital sulcus

-
Olfactory sulcus

forms the remainder of the lateral orbitofrontal region,
which is subdivided into anterior, posterior medial and
lateral parts by the orbital sulcus [21].

Superior, middle and inferior temporal gyri
and superior and inferior temporal sulci

The lateral sulcus is readily visible on the lateral surface of
each cerebral hemisphere. It is absolutely necessary to
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Fig. 11 Neurosonography
images of a 3-day-old boy in the
coronal plane (a) and sagittal
plane (far lateral) (b) obtained
posterior to Fig. 10, with the
probe placed at the anterior
fontanelle aiming at the basal
ganglia and lateral sulcus. After
localizing the lateral sulcus, the
reader can detect the frontal lobe
superiorly and the temporal lobe
inferiorly. The main structures in
this region are the superior,
middle and inferior temporal sulci
and the superior and middle
temporal gyri

Central sulcus of
insula

Short gyri of
insula

Long gyri of
insula

precisely delineate the lateral sulcus. On fetal US, an increased
angulation of the lateral sulcus may be a strong early indicator
for cortical development malformation [56]. The lateral sulcus
is frequently abnormal in cases of perisylvian polymicrogyria,
which assumes an abnormal course, extension and orientation,
appearing extended and oriented posterosuperiorly [57].
Various other disorders of cortical development malformation
can occur with abnormal lateral sulci, such as lissencephaly,
hemimegalencephaly and schizencephaly [57].

The lateral sulcus separates the temporal lobe from the
frontal and parietal lobes. There are two sulci on the lateral
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surface of the temporal lobe, the superior temporal and inferior
temporal sulci (Fig. 11). These sulci delineate the superior
temporal, middle temporal and inferior temporal gyri
(Fig. 11) [58].

Both the insula and the operculum can be depicted with
neurosonography, described later. The insula is surrounded
by a deep, circular sulcus called the circular sulcus of insula.
It is contiguous with the lateral sulcus, which separates it from
the operculum [59].

The operculum (from the Latin “little lid”) consists of the
cortical areas covering the adjacent insula and its surrounding
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circular sulcus. The operculum is divided into three main seg-
ments: the frontal operculum, the parietal operculum and the
temporal operculum. The frontal operculum contains the pars
triangularis and opercularis of the inferior frontal gyrus, along
with the Broca area (in the dominant hemisphere), which is
essential for language function [60]. The parietal operculum
lies between the inferior portion of the postcentral gyrus and
the posterior rami of the lateral fissure. The temporal opercu-
lum lies inferior to the lateral fissure and is formed by the
superior temporal and transverse temporal gyri.

The insula (the Latin name for island), which lies below the
opercula and is surrounded by the circular gyrus, is considered
a separate lobe of the human brain. The insula is a complex
structure involved in multiple crucial functions for human
cognition and behavior, from sensorimotor, pain and socio-
emotional processes to high-level attention and decision-
making [61, 62]. The central sulcus of insula divides it into
an anterior and a posterior part. The anterior part includes
three short gyri and the posterior part two long gyri (Fig. 11)
[61, 62].

Transverse temporal gyrus

In the depth of the lateral sulcus and along the superior tem-
poral gyrus, the transverse temporal gyrus (gyrus of Heschel),
can be identified as a doubled obliquely oriented cortical ridge
(Fig. 12). Portions of the primary auditory cortex are located
in the transverse temporal gyrus [58].

Fig. 12 Neurosonography image
of a 3-day-old boy in the coronal
plane obtained slightly posterior
to Fig. 11, with the probe placed
at the anterior fontanelle aiming at
the thalamus, emphasizing the
transverse temporal gyrus (gyrus
of Heschel). Highlighted in red is
the cingulate sulcus (right
cerebral hemisphere)

Superior temporal
gyrus

Medial temporal lobe

The medial temporal lobe contains the amygdaloid
body, hippocampus, parahippocampal gyrus, subiculum,
the dentate gyrus, and associated white matter, notably
the fimbria of hippocampus, whose fibers continue into
the fornix (Fig. 13). The subiculum, dentate gyrus, fim-
bria and fornix are not readily distinguishable structures
on conventional neurosonography. The hippocampus is
an infolded gyrus that bulges into the temporal horn of
the lateral ventricle (Fig. 13). The choroid fissure (Fig.
13), alongside the fimbria of the hippocampus, separates
the temporal lobe from the optic tract, hypothalamus
and midbrain. The amygdaloid body (Fig. 14) comprises
several nuclei on the medial aspect of the temporal
lobe, mostly anterior to the hippocampus and indenting
the tip of the temporal horn [58].

Base of the temporal lobe

In the base of the temporal lobe, the occipitotemporal
sulcus separates the medial border of the inferior tem-
poral gyrus from the lateral border of the fusiform or
medial occipitotemporal gyrus (Fig. 13). The collateral
sulcus lies medial to the fusiform gyrus and lateral to
the parahippocampal gyrus (Fig. 13). The
parahippocampal gyrus forms the medial border of the
inferior surface of the temporal lobe (Fig. 13). At its

Transverse temporal gyrus
(Gyri of Heschel
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Fig. 13 Neurosonography image
of a 3-day-old boy in the coronal
plane obtained slightly anterior to
Fig. 12, with the probe placed at
the anterior fontanelle aiming at Insula
the basal ganglia, again
emphasizing the medial temporal
lobe. After localizing the lateral
sulcus, the reader can detect the
parahippocampal gyrus,

Cingulate gyrus

Cingulate sulcus

Choroid fissure

Circular sulcus
Hippocampus

. . Inferior
hippocampus, choroid fissure, temporal Lateral
collateral sulcus, fusiform gyrus, gyrus X0 X . T L sulcus

occipitotemporal sulcus, and
temporal sulci and gyri partially

Occipitotemporal sulcus =
Fusiform gyrus Colateral sulcus Parahippocampal gyrus

= -

anterior end is a small projection of the medial surface,  involved with language and semantic memory processing, visual
called the uncus (Fig. 14) [58]. perception, and multimodal sensory integration [63]. The fusi-

The structures at the base of the temporal lobe are involved in ~ form gyrus is considered a key structure for functionally special-
multiple complex functions. The inferior temporal gyrus is  ized computations of high-level vision such as face perception,

Fig. 14 Neurosonography image
of a 3-day-old boy in the coronal
plane obtained slightly anterior to
Fig. 13, with the probe placed at
the anterior fontanelle aiming at
the basal ganglia, emphasizing the

medial temporal lobe structures. . - ’ Circular
After localizing the lateral sulcus . = ; s sulcus
and the uncus, the rgader can Amygdaloid : i

detect the amygdaloid body, ; - - Lateral
parahippocampal gyrus, fusiform c = T P sulcus

gyrus, and temporal sulci and gyri
partially

Fusiform = = = ;
gyrus - s Parahippocampal
Colateral sulcus = 3 gyrus
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Fig. 15 Neurosonography
images of a 3-day-old boy in the
coronal (a) and sagittal (b) (far
lateral) planes, obtained at the
same level as Fig. 13, with the
probe placed at the anterior
fontanelle aiming at the basal
ganglia, still emphasizing insula.
After localizing the lateral sulcus,
the reader can detect the insula,
immediately medial to it, with its
short and long gyri in (b)

Central insular sulcus

Insula (Short gyri)\
AN

object recognition, and reading [64]. The
parahippocampal gyrus encompasses a large portion of
the medial temporal lobe and is involved in multiple
tasks such as memory formation (along with the hippo-
campus) and high-level visual processing [65]. The un-
cus, which lies at the anterior and most medial portion
of the temporal lobe and adjacent to the amygdaloid
body, encompasses part of the olfactory tract and there-
fore is associated with olfactory processing [60].
Because of its proximity to the brainstem, the uncus
can compress the midbrain and the oculomotor nerve
in cases of herniation over the free edge of the

Circular
sulcus

Circular sulcus

/Insula (Long gyri)

tentorium. Uncal herniation can occur after a rapidly
expanding temporal epidural or subdural hematoma or
intraparenchymal hemorrhage [66].

Lateral sulcus

The lateral sulcus is one of the most important sulci in the
lateral surface of the brain (Figs. 9, 11, 13 and 14). It separates
the frontal and parietal lobes superiorly from the temporal lobe
anteriorly [67]. The lateral sulcus mainly contains the middle
cerebral artery and its rami; it forms the cistern of the lateral
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cerebral fossa (Sylvian cistern). In the depth of the lateral
sulcus lies the insula with its short and long gyri (Figs. 11
and 13). The lateral sulcus extends from the anterior clinoid
process to the lateral convexity. On the surface of the inferior
parietal lobule, immediately posterior and adjacent to the lat-
eral sulcus, the supramarginal gyrus can be identified
(Fig. 15). Inferior and posterior to the supramarginal gyrus,
the angular gyrus can be seen in continuity with the superior
temporal gyrus (Fig. 15) [68].

Postcentral sulcus and gyrus

The postcentral sulcus is vertically oriented, running parallel
and immediately posterior to the central sulcus, parallel to the
motor cortex (Figs. 5 and 7). The central and postcentral sulci
(Figs. 5, 6 and 7), are, respectively, the anterior and posterior
boundaries of the postcentral gyrus, which on imaging repre-
sent the primary somatosensory cortex. The sensory strip con-
tains an inverted map of the opposite side of the body,
mirroring that of the motor strip [51].

Intraparietal sulcus and superior and inferior
parietal lobules

The intraparietal sulcus is located on the lateral surface of the
parietal lobe, dividing the posterior parietal region into the

Fig. 16 Neurosonography image
of a 3-day-old boy in the sagittal
plane slightly posterior to Fig. 15,
with the probe placed at the
anterior fontanelle aiming the
occipital lobe. After localizing the
lateral sulcus, the reader can
detect, immediately posterior to it,
the supramarginal and angular
gyri. In the lateral surface of the
occipital lobe, the most relevant
structures are the three major
occipital gyri: the superior
occipital gyrus, middle occipital
gyrus, and inferior occipital
gyrus, separated by the superior
occipital sulcus and inferior
occipital sulcus

Lateral sulcus

@ Springer

superior parietal and inferior parietal lobules (Fig. 7). The
adjacent cortex is involved in sensorimotor functions, specif-
ically involving movement intention formation and cognitive
plans for specific types of movements [69].

Superior, middle and inferior occipital gyri
and superior and inferior occipital sulci

There are three major gyri in the convexity surface of the
occipital lobe: the superior occipital gyrus, middle occipital
gyrus and inferior occipital gyrus, separated by the superior
occipital sulcus and inferior occipital sulcus (Fig. 16). The
superior occipital sulcus is usually seen as the posterior con-
tinuation of the intraparietal sulcus. The inferior occipital sul-
cus is usually seen as the posterior extension of the inferior
temporal sulcus. The middle occipital gyrus is the largest of
the three occipital gyri. The superior, middle and inferior oc-
cipital gyri are also named as the lateral occipital complex,
which is associated with object recognition and face percep-
tion [70, 71].

Conclusion

Neurosonography remains an essential imaging modality in
the neonatal period and infancy, particularly in the screening
of germinal matrix hemorrhage, ventriculomegaly and
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periventricular leukomalacia. Neurosonography is a noninva-
sive and cost-effective modality that can be performed with no
need for sedation and requires minimal preparation. To make
the best use of these advantages, precise anatomical identifi-
cation of the neonatal cerebrum structures is crucial to the
localization of specific intracranial abnormalities from ische-
mia, hemorrhage, infection or reperfusion injury. An
established roadmap for the sonographic evaluation of neona-
tal cerebral structures can aid in consistently identifying nor-
mal and abnormal structures. Furthermore, this standardized
roadmap lends itself to being used as a framework for injury
localization using advanced sonographic techniques such as
elastography, high-frequency Doppler and contrast-enhanced
US. Ultimately, this roadmap could be used to create an atlas
of sonographic structures for automated classification of inju-
ry localization.
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